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A B S T R A C T
T h e  c aprin id  r e e f  fa c ie s  o f tine G len  Rose R e e f In te rv a l m a y  
be subdivided  in to  r e e f  and n o n -re e f  beds. R ig id  r e e f  fra m e w o rk  w as  
produced by syngenetic  ru d is t a c c re t io n , in te rn a l s ed im e n ta tio n , and 
su b m arin e  cem enta tion  o f  the  r e e f  f ra m e  and in te rn a l s e d im e n t.
C lio n id  sponges bored th e  r e e f  fra m e w o rk  d uring  r e e f  a c c re tio n  and 
produced ca lc are o u s  s i l t ,  p e lo id s , and c a v itie s  th a t can be e a s ily  
m istak en  fo r  vadose fe a tu re s . L o c a l p ho lad -bored  s u rfa c e s  developed  
on th e  r e e f  c re s t(s ) when v e r t ic a l  fra m e w o rk  a c c re tio n  re su lte d  in  the  
tru n c a tio n  and exten s ive  b io ero s io n  o f the  r e e f  c re s t(s ) in  the  l i t to r a l  
zo n e . S m a ll  fo re  r e e f  beaches contain  l i t to r a l  cem enta tion  fe a tu re s .  
S u b m a rin e  d iag enesis  o f o th e r  n o n -re e f  beds included pe lo id  in d u ra tio n  
and g ra in  m ic r it iz a t io n .
E p ig en e tic  d iag enesis  includes  the  in v e rs io n  o f m o llu sk s  in  the  
p resence  o f m a rin e  p o re  .w a te r , and d o lo m itiz a tio n  o f l im e  m udstones  
th a t had been converted  fr o m  l im e  m u d . T h e  p ro to d o lo m ite  rep laced  
those lim e  m udstones th a t have a  r e la t iv e ly  la rg e  p ro p o rtio n  o f 
c la y -s iz e d  te rr ig e n o u s  m in e r a ls . M agnesium  fo r  d o lo m itiz a tio n  w as  
p rov id ed  by incongruent d isso lu tion  o f m agnesian  c a lc ite  s u b m arin e  
cem ents  and in te rn a l sed im ents  in  r e e f  beds. T e rr ig e n o u s  c lay  m in ­
e ra ls  in  l im e  m udstones acted as  n u c le ii fo r  p seudo spar. T h e  tra c e  
e le m e n t content o f c a lc ite  cem ents  in  n o n -re e f beds ind ica te s  the  
pa le o h y d ro lo g ic  s ys tem  w as open g e o c h e m ic a lly . S yn g en etic  d iag enesis
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o f r e e f  beds caused th e  hydro log ie  s ys tem  in  those beds to  be m o re  
r e s tr ic te d .
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IN T R O D U C T IO N  
T h is  s tudy is  concerned w ith  the  construction  o f a  d iag enetic  
m odel fo r  ru d is t r e e fs . I t  is  s ig n if ic a n t because ru d is ts  w e re  the  
dom inant r e e f- fo rm in g  o rgan ism s during  the  C re taceous  P e r io d . In  
the  w es te rn  h e m is p h e re  ru d is t re e fs  o ccur fro m  th e  W e s t Ind ies  to  
B a ja  C a lifo rn ia  and f ro m  T e x a s  to  V en e zu e la ; and in  th e  eas te rn  
h e m is p h e re , th e y  extend fro m  the  w es te rn  M e d ite rra n e a n  in to  the  
w e s te rn  H im a la y a s  (P e rk in s , 1974). S ubsu rface  ru d is t re e fs  and 
associa ted  sed im ents  th a t c o m p ris e  the  G olden Lane  and P oza  R ic a  
tre n d s  in  M e x ic o  a re  im p o rta n t p e tro leu m  r e s e r v o ir s  (Coogan e t a l . , 
1972). S h e lf  m a rg in  re e fs  in  south T e x a s  have been the  ta rg e t  o f 
e x te n s iv e , lo c a lly -s u c c e s s fu l subsurface  hydrocarbon  exp lo ra tio n  
(B ebout, 1974). O utcropping re e fs  in  M e x ic o , c e n tra l and w est T e x a s ,  
the  C a rib b e a n , and th e  e as te rn  M e d ite rra n e a n  a r e  s im i la r  to  those re ­
ported  fro m  the  su b su rfac e  (R o s e , 1963; P e rk in s , 1974; B e in , 1 9 7 6 ).
A lthough d ia g e n e tic  fe a tu re s  have been noted in  p rev ious  inves ­
tig a tio n s , no a tte m p t to  p re c is e ly  in te rp re t  the  paleohyd ro lo g y  o f sub­
s u rfa c e  ru d is t re e fs  w as m ade u n til v e r y  re c e n tly  (B eb o u t, 1974). Lack  
o f s tra t ig ra p h ie  c o n tro l and d is tance  betw een cored  w e lls  im pede sub­
su rfa c e  s tu d ie s . C o n v e rs e ly , the  la c k  o f s ubsurface  co n tro l ad jacent to  
Outcropping ru d is t r e e f  sequences h inders  th re e -d im e n s io n a l recon­
s tru c tio n  o f lith o fa c ie s  and d iag en etic  te x tu ra l tre n d s .
. .In  o rd e r  to  p ro p e r ly  re c o n s tru c t the  d iag en e tic  events tha t have
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a ffected  any r e e f  sequence, a  good understand ing  o f th e  te c to n ic -  
s tra t ig ra p h ie  s e ttin g , deposition a l fra m e w o rk , and paleoecology is  
e s s e n tia l.  T h e  te c to n ic  settin g  and s tra t ig ra p h y  o f the  G len  Rose  
F o rm a tio n  (A lb ia n ) is  w e ll-d o c u m e n te d  f o r  s o u th -c e n tra l T e x a s  
(S t r ic k l in  e t a l . ,  1971). T h e s e  rocks  crop  out a n .th e  E dw ards  P la te a u ; 
a re  e s s e n tia lly  f la t - ly in g  and undisturbed  by te c to n ism ; and contain  
num erous w id e ly -o c c u rr in g  s tra t ig ra p h ie  m a rk e r  beds w hich  have en­
abled geo log ists  to  re c o n s tru c t a  d e ta ile d  s tra t ig ra p h ie  fra m e w o rk .
P e rk in s  (1 9 74 ) w as a b le  to  conduct a  c o m prehens ive  pa leoecolog i cal 
s tudy o f a  cap rin id  r e e f  in te rv a l th a t occurs  w ith in  th e  L o w e r M e m b e r  
o f the  G len  R o s e . H e showed th a t c a p rin id  re e fs  w ith in  th is  in te rv a l 
a cc re ted  in  a  m a n n er analagous to  s h e lf  m a rg in  re e fs  associa ted  w ith  
the  su b su rface  S tu a r t  C ity  tre n d  (B ebout, 1974) in  south T e x a s  and the  
outcropping E l A b ra  and s ubsurface  G olden  L a n e -P o z a  R ic a  r e e f  tre n d s  
o f M e x ic o .
One r e e f  co m p le x , exhum ed by Red B lu ff and P ip e  C re e k s  in  
southeas te rn  B andera  County, T e x a s , is  p ro b ab ly  the  b est exposed ru d is t  
r e e f  in  the  w o r ld . Besides  the  ou tc ro p , s am p le s  fro m  eigh teen  c o res  
d r i l le d  p ro x im a l to  th is  r e e f  w e re  a v a ila b le  fo r  the  s tu d y . T h e  com ­
b ination  o f a v a ila b le  m a te r ia l  p ro v id es  e x c e lle n t s tra t ig ra p h ie  con­
tr o l  fo r  th e  study w ith in  an a re a  th a t encom passes les s  than tw o  
s q u are  k ilo m e te rs .
T h e  purpose o f th is  s tudy is  to  re c o n s tru c t the  d iag en e tic  
h is to ry  o f th e  P ip e  C re e k  ru d is t re e f  c o m p le x . E x c e lle n t exp o s u re , 
la te r a l  t ra c e a b ility  in to  the  ad jacen t s u b su rfac e , and lo ca tio n  w ith in  a
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w e ll-d o c u m e n te d  s tra t ig ra p h ie  f  ra m e w o rk  m a ke  the  P ip e  C re e k  r e e f  
e sp e c ia lly  a p p ro p ria te  fo r  such a s tu d y . D ia g e n e tic  inves tigations  in to  
m o st an c ie n t carb o n at e  sequences m u st s e p a ra te  te x tu ra l fe a tu re s  
im posed by L a te  C enozo ic  and Holocene h ydro logy  fro m  those re la te d  
to  syngenetic  and e a r l i e r  ep ig enetic  h y d ro lo g ie  re g im e s . No p rev ious  
s tud i es have re la te d  d iag en e tic  te x tu re s  produced by b ioero sion  and 
s u b m a rin e  cem enta tion  in  Holocene c o ra lg a l re e fs  (S h in n , 1971; 
S c h ro e d e r , 1972) to  s im i la r  fe a tu re s  th a t o c c u r in  ru d is t re e fs .  I t  is  
im p o rta n t to  re co g n ize  w hich p ortions  o f a  r e e f  com plex  a re  m ost 
a ffected  by th e  p ro cesses  o f syngenetic  c em e n ta tio n , b io e ro s io n , and 
in te rn a l s ed im e n ta tio n  because these  p rocesses  e ffe c t iv e ly  d e s tro y  r e e f  
fra m e w o rk , reduce  p r im a r y  p o ro s ity , and m a y  r e s t r ic t  ep ig enetic  
diag enesis  to  c e r ta in  l ith o fa c ie s  o r  po rtio n s  o f l ith o fa c ie s . T h e  
P ip e  C re e k  r e e f  appears  to  have a  pa le o e co lo g ic a l and sed im en to lo g ica l 
h is to ry  s im i la r  to  o th e r  ru d is t re e fs ,  th e re fo re  an a n a ly s is  o f th e  
d iag en e tic  h is to ry  o f the  r e e f  m a y  s e rv e  as a  d iag en e tic  m odel fo r  
C re taceous  ru d is t re e fs  in  g e n e ra l. T h e  m ode l m a y  be p a r t ic u la r ly  
usefu l in  understand ing  th e  subsurface  ru d is t r e e f  com plexes w h ere  
th re e -d im e n s io n a l c o n tro l is  la c k in g .
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S tudy  A re a
R u d is t r e e fs  a re  w e ll-e x p o s e d  along Red B lu ff and P ip e  C re e k s  
in  sou theastern  B andera  C ounty, T e x a s . In  th is  a re a  th e  c ree ks  and 
th e i r  s m a ll ,  e p h e m e ra l t r ib u ta r ie s  have exhum ed a  la r g e  ru d is t r e e f  and 
its  associa ted  l i th o fa c ie s . T h e  a r e a  studied is  bounded by S ta te  H ighw ay  
16 on the  no rth  and T e x a s  Ranch Road 1283 on th e  w es t ( F ig . 1 ) .
M ethods
O utcrops o f the  c ap rin id  r e e f  fa c ie s  o f th e  G len  Rose R e e f In te rv a l 
along Red B lu ff and P ip e  C re e k s  and the  M ed in a  R iv e r  w e re  exam ined  
du rin g  M a y  and A ugust, 1 9 7 5 . T h e  loca tions  o f 300  s am p le  s labs  and 
th in -s e c tio n s  fro m  the  P ip e  C re e k  r e e f  w e re  m a rk e d  on c ro s s -s e c tio n s  
constructed  fro m  a  p lane ta b le  m ap p re p are d  by B . F .  P e rk in s  who 
k in d ly  loaned th ; s am p les  and c ro s s -s e c tio n s  to  the  w r i t e r .  A n  
a d d itio n a l 150 s labs  and th in -s e c tio n s  w e re  p re p a re d  fro m  sam ples  
c o llected  by the w r i t e r .  R ocks and th in -s e c tio n s  w e re  c la s s ifie d  
a ccord ing  to  Dunham  (1962 ; Appendix  A - i  th is  d is s e r ta tio n ). C em ents  
and r e c ry s ta ll iz a t io n  fa b r ic s  w e re  c la s s ifie d  accord ing  to  F o lk  (1965 ; 
A ppendix  A - 2  th is  d is s e r ta tio n ).
N ine teen  tw o -in c h  d ia m e te r  c o res  d r i l le d  by the  S h e ll Develop­
m e n t Com pany w e re  exam ined  a t th e  C o re  L ib r a r y  o f th e  T e x a s  B ureau  
o f E cono m ic  G eo logy , A u s tin , T e x a s . T h e s e  c o re s , d r i l le d  ad ja c en t to  
th e  outcrop along Red B lu ff and P ip e  C re ek s  (F ig .  1 ) ,  w e re  desc rib ed  
(A ppendix  A - 3 )  and 200  th in -s e c tio n s  and ace ta te  pee ls  fro m  th em  w e re  
e x a m in e d . T h in -s e c tio n s  (A ppendix  B) w e re  s ta ined  to  d istingu ish
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c a lc ite , d o lo m ite , and fe rro a n  c a lc ite . D o lostcnes and d o lo m itie  l im e ­
stones fro m  outcrop  and subcrop w e re  analyzed  q u a n tita tiv e ly  using 
a p p ro p ria te  X - r a y  d iffra c tio n  te c h n iq u es . S e v e ra l sam ples  w e re  ex­
am ined  to  d e te rm in e  cem ent fa b r ic  and q u a lita t iv e  tra c e  e le m e n t chem ­
is t r y  using the scanning e le c tro n  m icro s c o p e  and m ic ro p ro b e .
S tandard  a to m ic  absorptio n  m ethods w e re  used to  p ro v id e  quan tita tive  
tra c e  e le m e n t d a ta  fo r  do lom ites  and c a lcareo u s  c em e n ts . T h e  
c h lo rid e  content o f  dolostones was d e te rm in e d  by s tandard  t itra t io n  
techniques on ac id  so lu b le  le a c h a te s .
R E G IO N A L  G E O L O G IC  S E T T IN G  
P hysiography
T h e  study a re a  occupies a  s m a ll p o rtio n  o f the  e as te rn  p a r t of 
the  E dw ards  P la te a u . Fau ltin g  and subsequent u p lift o f th e  e n tire  a re a  
began s o m etim e  betw een the la te  C re taceo u s  P erio d  and the  e a r ly  M io ­
cene Epoch (M u r r a y ,  1 9 6 1 ), C re taceo u s  ro c ks  crop out on th e  p lateau  
in  a  b e lt bounded on th e  north  and w est by th e  L lano  U p lif t  and on the  
south and east by th e  Balcones F a u lt Zone ( F ig ,  2 ) ,  T h is  be lt g e n e ra lly  
p a ra lle ls  the  e a r ly  C re taceous  s h o re lin e  (S tr ic k l in  e t a l , ,  1971 ) ,
T h e  C re ta ce o u s  s tr a ta  s tr ik e  g e n e ra lly  n o rth e a s t to  southw est and dip  
southeast a t 9  to  16 m e te rs  p e r  k ilo m e te r . R e s is ta n t dolostones o f the  
U pper G len  R ose and the  L o w e r E dw ards fo rm a tio n s  fo rm  caprock  
throughout the  a re a  w hereas  the  L o w e r G len  R ose F o rm a tio n  is  exposed 
along the  m any s tre a m s  th a t d iss e c t the  P la te a u .
6
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L o w e r C re taceo u s  T e c to n ic  S ettin g  
L o w e r  C re taceous  sed im ents  o f s o u th -c e n tra l T e x a s  accum ­
u la ted  on a  s h a llo w  m a rin e  p la tfo rm  c a lled  the  Com anche S h e lf .  T h is  
s h e lf w as tra n s ec te d  by tw o b ro a d , lo w - r e l ie f  a rch e s  th a t re p res en ted  
extensions o f th e  L lan o  U p lif t ,  a  p o s itive  a re a  throughout m ost o f the  
lo w e r  C re ta ce o u s  P e rio d  (S tr ic k l in  e t a l . ,  1971) , T w o  s lo w ly  sub­
s id ing  basins flanked  these  a rch e s  (F ig .  3 ) .  A  s e r ie s  o f s h e lf m a rg in  
ru d is t re e fs  and in te r - r e e f  deposits  (F is h e r  and R odda, 1969; B ebout, 
1974) sep a ra ted  th e  Com anche S h e lf  fro m  th e  evo lv ing  G u lf o f M e x ic o .
G e n e ra l L o w e r C re taceo u s  S tra tig ra p h y  
L o w e r  C re taceous  ro c ks  in  T e x a s  a r e  d iv ided  in to  the  T r in i t y ,  
F re d e r ic k s b u rg , and W a s h ita  D iv is io n s  in  ascending s tra t ig ra p h ie  o r d e r .  
T h e s e  th re e  d iv is io n s  c o m p ris e  th e  Com anche S e r ie s  w hich spans N e o -  
com ian  th roug h  e a r l ie s t  C enom anian t im e  ( F ig . 4 ) .  Each d iv is io n  o f  
th e  T r in i t y  w as thought to  re p re s e n t a  tra n s g re s s iv e -re g re s s iv e  
"co u p le t" sep a ra ted  by re g io n a l u n c o n fo rm itie s  by Lozo  and S tr ic k l in  
(1 9 5 6 ), but re c e n t w o rk  by Inden (1 9 72 ) on the  Cow  C re e k -H a m m e t-  
H ensel re la tio n s h ip s  w eakens the  "coup le t" hypo thesis .
T h e  th ickn ess  o f  the  G len  R ose F o rm a tio n  ranges between 14 
and 225 m e te rs  on the E dw ards P la te a u  (Y oung , 1 9 6 7 ). G e n e ra lly , 
th e  F o rm a tio n  th in s  fro m  the  southeast to  th e  northw est betw een the  
Balcones F a u lt Zone and the  L lan o  U p lif t .  In  the  south T e x a s  s ubsurface  
th e  G len  Rose is  equ iva len t to  the  J am es  and ROdessa L im estones  
(S t r ic k l in  e t a l . , 1971 )  and the  lo w e r  p o rtio n  o f the E d w a rd s -S tu a r t
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C A ST TEXAS
E M BAYM ENT
F i g u r e s .  L o w er C re ta c e o u s  te c to n ic  s e t t in g  o f  T e x a s .  - 
A  = A ustin^ O = D a lla s ,  H  = H ouston , S  = S a n  A ntonio»
; (A f te r  Inden , 1974).
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F ig u re  4 .  L o w e r  C re ta ce o u s  s tra t ig ra p h ie  n o m e n c la tu re  fo r  s o u th -  
c e n tra l T e x a s  show ing c o rre la tio n  w ith  E uropean  stages (top) and  
re la tio n s h ip  o f T r i n i t y  D iv is io n  around the  L la n o  (b o tto m ).
(A f te r  P e rk in s , 1 9 7 4 ).
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C ity  r e e f  tre n d  (B ebout, 1 97 4 ), T h e  E d w a rd s -S tu a r t C ity  is  s t r a t -  
ig ra p h ic a lly  eq u iva len t to  the E l A b ra -T a m a lip a s -T a m a b ra  L im estones  
o f n o rth e rn  M e x ic o  (F ig .  5 ) ,  p o rtions  o f w hich  contain  re e fs  th a t a re  
w ell-d o c u m e n te d  hydrocarbon re s e rv o irs  (C oogan, e t a l . ,  1 97 2 ).
G len  Rose S tr a t ig r a p h y , L ith o lo g y , 
and D epos itio na l E n v iro n m e n t
T h e  G len  Rose F o rm a tio n  was deposited  in  a  v a r ie ty  o f sh a llo w  
m a rin e  enviro n m e n ts  on the  Com anche S h e lf  behind th e  s h e lf m a rg in  
E d w a rd s -S tu a r t C ity  r e e f  c o m p le x . T h in  la y e rs  o f l im e  m udstone to  
packstone th a t conta in  abundant casts and s te in k e m s  o f the  burrow ing  
pelecypod C o rb u la  s p . s ep a rate  the  G len  R ose in to  an upper and lo w e r  
m e m b e r . M o s t o f th e  L o w e r M e m b e r  ( F ig .  6 ) is  com posed o f n o rm a l ; 
sh allo w  m a rin e  s h e lf  sed im ents  th a t contain  a  d iv e rs e  m o llu sk  assem ­
blage (Y oung , 1 9 6 7 ). A  tw o m e te r  th ic k  un it o f la m in a te d , r ip p le -  
m a rk e d  lim e  m udstone to  packstone occurs  betw een the  C orbu la  
m a rk e r  bed and th e  R e e f In te rv a l o f th e  L o w e r  M e m b e r  on the  
southw est f la n k  o f th e  San M a rc o s  A rd n  (F ig .  7 ) ,  T h e  top and base  
of th is  u n it consis t o f th in , lam in a te d  a lg a l beds (S tr ic k l in  and 
A m s b u ry , 1974) composed o f d a r k ,  c re n u la te  lam in a e  in te rca la ted  
by lig h te r  bands o f r ip p le -m a rk e d  fo s s ilife ro u s  l im e  packstone. 
S tro m a to lite s  o f s e v e ra l grow th types on exposed su rfa ce s  o f the upper  
a lg a l bed , c ren u la tio n s  rese m b lin g  those com m on to  Holocene a lg a l 
m a ts , pholad c la m  bo rin g s , mud c ra c k s , and superim posed d inosaur  
tra c k s  have been c ited  as evidence o f an in te r t id a l to  sha llow  subtidal
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S IE R R A  D E  E L  A B R A  
(M E X IC O )
E D W A R D S  R E E F  T R E N D  
(S O U T H  T E X A S )
E U R O P E A N
S T A G E S
T  a m e s i-V e la s c oM id w a yD anian
N a v a rroM a e s tr ic h tia n
M endez
T a y lo r
Senonian
S an  F e lip e
E a o le fo rdT  uron ian
W oodbine
C enom anian B udaf^
D e l R io ^  
G eorgetow n
W a sh ita
U p p e r ^  
T  am au lipas
F re d e r ic k s ­
burgA lb ia n
E l  A b ra
L o w e r T  am au lip asA p tia n S lig o
F ig u re  5 .  S u b su rfac e  c o rre la tio n  c h a rt fo r  the  C re taceous  
o f south T e x a s  and n o rth e a s te rn  M e x ic o . Adapted fro m  
Rose (1 9 6 3 ).





P A L E O Z O IC
F ig u re  6 .  S tra t ig ra p h ie  p ro f i le  o f the  G len  Rose F o rm a tio n  
(A f te r  P e r k in s , 1 9 7 4 ).
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F ig u re  7 .  Isopachous m ap o f  a lg a l- la m in a te d  beds w ith in  the  L o w e r  
G len  R ose  F o rm a tio n  betw een th e  C o rb u la  bed and th e  R e e f I n t e r v a l . 
T h e  s tu d y  a r e a  is  shown in  b la c k . (A f te r  S t r ic k l in  e t  a l . ,  1 9 7 1 ),
F ig u re  8 .  L ith o lo g ie  com ponent m ap  o f te rr ig e n o u s  m a te r ia l  in  the  
G len  R ose F o rm a tio n  betw een th e  C o rb u la  bed and the  R e e f In te r v a l .  
T h e  s tu d y  a r e a  is  shown in  b la c k . (A f te r  S t r ic k l in  e t  a l . , 1 9 7 1 ).
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o rig in  fo r  th is  sequence (S tr ic k l in  e t a l . , 1971) .
C yanophytic  a lg a l m ats  developed atop the  r ip p le -m a rk e d  lim e  
packstones, s ta b iliz in g  th e  s ed im e n t and preven ting  the  d estru ctio n  
o f the  s e d im e n ta ry  s tru c tu re s . T h e  s y m m e tr ic a l, lo w -r e l ie f ,  b ro a d ly -  
rounded r ip p le  m a rk s  occur e ith e r  as p a ra l le l  o s c illa tio n  r ip p le s  o r  
in te rs e c tin g  in te rfe re n c e  r ip p le s  when seen in  p lan v ie w  (S tr ic k l in  and 
A m s b u ry , 1 97 4 ). T h e  c re s ts  o f m o s t r ip p le s  a re  o rien ted  n o rth w e st-  
southeas t, suggesting a  w in d /w a v e  d ire c tio n  fro m  the  n o rth e a s t o r  south­
w est durin g  deposition  (S tr ic k l in  and A m s b u ry , 1 9 7 4 ), A  pronounced  
southw estw ard de cre as e  in  te rr ig e n o u s  m a te r ia l  in  beds im m e d ia te ly  
o v erly in g  the a lg a l un it ( F ig . 8) suggests th a t the  p re v a ilin g  w ind d ir ­
ection  w as fro m  th e  n o rth e a s t, A  n o rth east to  southw est b io log ica l 
g ra d ie n t w ith in  th e  R e e f In te rv a l in d ire c t ly  supports  these  obser­
v ations  (P e rk in s , 1 9 7 4 ),
D u rin g  the  deposition  o f the  L o w e r M e m b e r  o f th e  G len  Rose  
F o rm a tio n , n o rm a l s h e lf sed im enta tion  w as p e r io d ic a lly  in te rru p te d  
by c ap rin id  re e f  and mound d eve lo p m en t. F o llo w in g  th e  r e e f  phase, 
exten s ive  in te r tid a l f la ts  c h a ra c te r iz e d  by s tro m a to lite s  and r ip p le  -  
m a rk e d  ca lcareous  sands desc rib ed  above a cc u m u la ted , D u rin g  th is  
t im e  th e  d eep er portions  o f th e  s h e lf southw est o f the  study a re a  w ere  
th e  depositional s ite  o f m a rin e  sed im ents  w hich include beds th a t con­
ta in  abundant fo s s il re m a in s  of th e  s tiro d o n t echinoid S a le n ia  texana  
C re d n e r  (P e rk in s , 1 97 4 ),
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O v e rly in g  th e  S a le n ia  beds o r  s tro m a to lite  beds is  the  C o rb u la  
bed th a t s ep a ra tes  the  L o w e r and U p p e r M e m b e rs  o f th e  G len R ose . 
T h is  bed o r  s e r ie s  o f beds contains re m a in s  o f the  burrow ing  pelecypod  
C o rb u la  h a rv e y i H i l l  (P e rk in s , 1974) . In  som e loca tions  the zone is  
re p res en ted  by s e v e ra l re s is ta n t C o rb u la -bearing  la y e rs  in te r-b e d d ed  
w ith  c a lcareo u s  s h a le , gypsum , o r  a rg illa c e o u s , fo s s ilife ro u s  lim e  
w ackestone . N ow here  do these  la y e rs  exceed a  to ta l th ickness o f one 
m e te r  (S t r ic k l in  and A m s b u ry , 1 9 7 4 ). T h e  C o rb u la  bed , p e rs is ta n t  
fo r  o v e r 8300  sq u are  k ilo m e te rs  in  s o u th -c e n tra l T e x a s , is  an e xc e lle n t  
re g io n a l s tra t ig ra p h ie  m a rk e r  (P e rk in s , 1 9 7 4 ).
T h e  U p p e r M e m b e r  o f the G len  R ose is  composed o f do lostone, 
l im e  m udstone, and fin e  to  m e d iu m -g ra in e d  fo s s ilife ro u s  l im e  wacke— 
stones th a t a lte rn a te  w ith  s o fte r  beds o f c a lcareo u s  c la y  and gypsum  
(P e r k in s , 1 9 7 4 ). A t  the  base o f the  m e m b e r C o rb u la  beds often a lt e r ­
nate w ith  m a ss ive  gypsum . P re c ip ita t io n  o f gypsum  fro m  hyp ers a lin e  
m a rin e  s u rfa c e  w a te rs  m ay  have re s u lte d  fro m  excess ive  evaporation  
o f p o o r ly -c irc u la te d  w a te rs  during  e x tre m e ly  a r id  c lim a tic  c yc les  o r  
because b a r r ie r s  seaw ard  o f  th is  p o rtio n  o f the  s h e lf acted as ba ffle s  
and r e s tr ic te d  c irc u la t io n . No d ire c t  evidence o f the  la t te r  has been 
found in  th e  d o w n -d ip , subsurface ro c k  colum n (S tr ic k l in  and A m s b u ry , 
1974) but the  p o s s ib ility  should not be d iscounted . No re e fs  o r  m ounds  
a re  found w ith in  the  U p p er M e m b e r o f th e  G len  Rose landw ard  o f the  
C re ta ce o u s  s h e lf m a rg in .
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R eg ional s tra t ig ra p h ie  con tro l prov ided  by th e  C o rb u la  and S a l­
e n ia  beds has a llow ed the  position o f the  G len  Rose R e e f In te rv a l w ith ­
in  the ro c k  co lum n ( F ig . 6 ) to  be p re c is e ly  lo c a te d . W ith in  th e  study  
a re a  a  bed o f lim e s to n e  one m e te r  th id<  th a t contains abundant pe lecy­
pod s te in k e m s  d ir e c t ly  o v e r lie s  th e  R e e f In te rv a l ro c ks  and is  used as  
a lo c a l s tra t ig ra p h ie  m a r k e r .  R e e f in te rv a l beds a re  u n d e rla in  by a  
ten  m e te r  th ic k  lim e  w ackestone bed th a t contains num erous te s ts  o f  
the  fo r a m in ife r  O rb ito lin a  texana  (F ig . 6 ) .
G L E N  R O S E  R E E F  IN T E R V A L  
S tra tig ra p h y  and L itho logy  
T h e  G len Rose R e e f In te rv a l (P e rk in s , 1974) consists o f fo u r  
s e p a ra te  lith o fa c ie s  : o y s te r  b io s tro m e , m onop leurid  b io s tro m e , 
p lan t fra g m e n t, and c ap rin id  re e f  (F ig .  9 ) ,  T h e  c h a ra c te r is tic s  o f 
these  lith o fa c ie s  a re  s u m m a rize d  in  T a b le  1 .  T h e  o y s te r  b io s tro m e  
fa c ie s , n e a re s t to  the p a le o -s h o re lin e  ad jacen t to  th e  L lan o  U p lif t ,  is  
tra n s it io n a l w ith  the m onopleurid  b io s tro m e  fa c ie s  to  th e  southeast 
(F ig ,  1 0 ) . T h e  zone betw een the m onop leurid  b io s tro m e  fa c ie s  and 
the  cap rin id  r e e f  fa c ie s  is  c h a ra c te r ize d  by c ap rin id  m ounds. T h e  
c ap rin id  r e e f  fa c ie s , com posed p redom inantly  o f ta b u la r  re e fs  and 
flan k in g  lim e  g ra in s to n e s , co m p le te ly  surrounds  the  p lan t fra g m e n t  
fa c ie s  w hich occurs  lo c a lly  northeast o f the  study a r e a .  I t  has been  
suggested th a t th e  c ap rin id  r e e f  fa c ie s  extends in to  the  subsurface  on 
the  dow nthrow n (g u lfw a rd ) s id e  of the  B alcones F a u lt Zone  (P e rk in s ,
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Oyster Biostrome Monopleurid Biostrome Plant Fragment Caprinid Beef
. . Q tzose , fo s s il, lim a  Q tzose . fo s s il, lim e  m u d - Qtzose» do lo . 
m udstone-w acke- s tone-w ackestcoe. Q tz . lim e  m udstone-
stone. Q tz . sand s i lt  plus c lay  up to  18 % packstono. Q tz .
L ithology plus s i l t .  C lay  up to ta l ro ck vo lum e. s i lt  plus c lay  1.1,
to  24 54 o f ro ck  v o l .  5 % ro ck  vo lum e.
C aprin id  lim e  w ackestone- 
packstone; do lo . lim e  m ud­
stone to  dolostone; fo s s i l ,  
peloid lim e  wackestone to  
packstone. Q tz plus c lay  . 
UP to  16 % In  do lostones.
C overs up to  3250 km ^ . 
L arg e st re e f  (P ip e  C re e k )  
Is  250 m  wide and 6 .5  km  
long. Com prised  of sev­
e ra l Ind iv idual re efs  that 
seldom  exceed 150 m  
w ide and 300 m  long.
B lostrom es l . t  
2m  th ^ ik , cover l . t .  1 .6  m  t h l ^ ,  cover 
25 km  , th ickness to  100 km  . 
up to  3  m  adjacent 
to  the p a leo - . 
sh o re lin e .
B lostrom es a re  0 .2  to  C overs up to
160 km ®. T h ic k ­
ness up to  3  m .
Sm ooth , s lig h tly  M onop leurlds, gastropoda Carbonaceous C ap rin id  ru d ls ta  
D om inant f r i l le d ,  th ick -s h e lled  plant fragm ents .
Fauna v a r ie ty  o f O s tre a s p . ~ logs, and f o r -
a m ln lfe rs .
' T h ic k -s h e lle d  
cessory gastropods, b u r -  
• Fauna', row ing c lam s ,
perpuU d w o rm s .
T h ic k  and th in -s h e lled  D asycladaceae, R e^ u len llds, rhodophytes 
pelecypods, fo ra m ln lfe rs . burrow ing ch lorophytes, fo ra m tn lfe rs ,
pelecypods, g as - ech lnoderm s, gastropods, 
tropods , and a and o ys te rs , 
few  am m onites.
T a b le  1 . A  com parison o f the fo u r G len  Rose R ee f 
In te rv a l lith o fa c ie s . D a ta  adapted fro m  

















F ig u r e  1 0 , C r o s s -s e c tio n  show ing  th e  tr a n s it io n a l re la tio n s h ip  o f the  
G len  R ose  R e e f In te r v a l  fa c ie s  (A f te r  P e r k in s ,  1 9 7 4 ),
21
1 9 7 4 ). T h e  position  (F ig .  11) o f w e ll-d e v e lo p e d  cap rin id  re e fs  on 
the  E dw ards  P la teau  w as docum ented by S tr ic k l in  e t a l .  (1 9 7 1 ).
In d iv id u a l re e fs  a re  separated  by in te r - r e e f  l im e  gra ins ton es  o r  
sh allo w  m a rin e  s h e lf l im e  w ackes tones .
P aleoecology
T h e  cap rin id  re e fs  and associa ted  sand bodies re p re s e n t the  
highest e n erg y  conditions durin g  deposition  o f R e e f In te rv a l s ed im e n ts . 
R eefs  in  the  no rth e a s t p o rtio n  o f the tre n d  com m only  contain  the m ost 
c o ra l but the  p ro p o rtio n  o f c o ra l to  ru d is t decreases  sou thw estw ards .
T h is  b io lo g ica l g ra d ie n t w as in te rp re te d  by P e rk in s  (1974 ) to  re p re s e n t  
the  p e r io d ic  low ered  s a lin ity  o f s h e lf w a te r  caused by ru n o ff fro m  the  
L lan o  d uring  deposition o f th e  R e e f In te r v a l .  T r id a c ty l  d in o sau r tra c k s  
on top o f s e v e ra l m onopleurid  b io s tro m es  estab lish  th a t th e  w a te r  depth  
fo r  th a t fa c ie s  w as between one and fo u r  m e te r s . W a te r  depth around  
the  c ap rin id  re e fs  s lig h tly  dow n-d ip  p ro b a b ly  n e v e r exceeded f iv e  m e te rs  
(P e rk in s , 1 9 7 4 ). S e v e ra l zones o f "pa le o ca lic h e " w ith in  the  cap rin id  r e e f  
fa c ie s  have been cited  as evidence o f s u b a e ria l exposure  o f som e re e fs  
as lo w - r e l ie f  is lands (P e r l in s ,  1 9 7 0 ). None o f these  "p a le o ca lic h e ” 
zones a re  tra c e a b le  la n d w a rd . S im i la r  su rfa ce s  occur a t the  top o f 
s e v e ra l m onopleurid  b io s tro m e s , but in  e v e ry  case these  s u rfaces  a re  
o n ly  lo c a lly -d e v e lo p e d .
R ocks o f the  R e e f In te rv a l w e re  deposited on the  s lo w ly -s u b -  
s id ing  southw est fla n k  o f the  S an  M a rc o s  A r c h . T h e  sh allo w  m arine
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F ig u re  1 1 .  M a p  show ing th e  o c c u rre n c e  o f  ru d is t  r e e f  c o m p lexes  
w ith in  th e  G len  Rose R e e f In te rv a l (A f te r  S t r ic k l in  e t a l ,  1 9 7 1 ).
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w a te rs  w e re  p robab ly  in te rm it te n t ly  b ra c k is h . L a c k  o f e v a p c rite s  in  
th e  sec tion  im p lie s  th e  w a te r  w as not h y p ers a lin e  as i t  w as p e rio d ­
ic a l ly  durin g  the  deposition  o f the  U p p e r M e m b e r .  R ip p le  m a rk  
o r ie n ta t io n , m ean g ra in  s iz e  and p re ve n tio n s  o f te rr ig e n o u s  e la s tic s  
im p lie s  w a te r  c irc u la t io n  w as g e n e ra lly  n o rth e a s t to  sou thw est. T h is  
conclusion is  based on a v a ila b le  ou tc rop  da ta  and m a y  be an o m alo u s . 
C a p rin id  re e fs  and m ounds, the  to p ic  o f th is  d is s e r ta tio n , com pose the  
m ost s eaw ard  fa c ie s .
C A P R IN ID  R E E F  F A C IE S  D E P O S  IT IO N  
In tro d u c tio n
A  r e e f  is  defined  as an o rg a n ic , w a v e -re s is ta n t fra m e w o rk  th a t 
is  o rg a n ic a lly  o r  in o rg a n ic a lly  bound (L o w e n s ta m , 1 9 5 0 ). M o s t m o d e m  
re e fs  a re  com posed o f  a  c o ra l fra m e w o rk  th a t is  bound by c o ra llin e  
alg a e  and s u b m arin e  cem ents  (M il l im a n ,  1 9 7 4 ). C re taceo u s  s h e lf  
m a rg in  re e fs  a re  ty p ifie d  by a  c a p r in id -c o ra l fra m e w o rk  th a t w as  bound 
by m a t- l ik e  hydrozoan s, c o ra llin e  a lg a e , and e n cru s tin g  fo ra m in ife rs  
(Coogan e t a l . ,  1972; B ebout, 1 9 7 4 ). C a p rin id  re e fs  on the  s h e lf  
com m only  la c k  o rg a n ic  b inders  but d id  fo rm  w a v e -re s is ta n t s tru c tu re s  
by a c c re tio n  o f a  m u tu a lly -s u p p o rt iv e  c ap rin id  fra m e w o rk  (S t r ic k l in  
e t a l . ,  1971; P e rk in s , 1974) . T h e s e  c ap rin id  re e fs  p ro b a b ly  developed  
under conditions o f h ig h e r tu rb id ity  and lo w e r  e n erg y  than s h e lf m a rg in  
r e e fs .  F in e -g ra in e d  ca lc are o u s  s ed im e n t th a t f i l te r e d  in to  fra m e w o rk  
voids  and su b m arin e  cem enta tion  p robab ly  enhanced th e  a b ility  o f  the
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re e fs  to  re s is t  de s tru c tio n  fcy w av e s . T h e r e fo r e ,  even though o rg a n ic  
binders  a re  p re d o m in an tly  a bsen t, ru d is t re e fs  on th e  s h e lf would  
s t i l l  seem  to  f i t  the  d e fin itio n  o f a  r e e f ,
To p ography  produced by upw ard and la te r a l  r e e f  a c c re tio n  
a ffe cts  lo c a l sed im enta tion  by p ro v id in g  an energy  b a r r ie r .  M o d e rn  
and an cie n t b a c k re e f a re a s  contain  f in e r -g ra in e d  sed im ents  th a t  
r e f le c t  th e  e ffic ie n c y  o f th e  b a ffle . E vo lu tio n  o f s e d im e n ta ry  te x tu re  
and fa b r ic  th a t co n tro ls  th e  in it ia l  p o ro s ity  and p e rm e a b ility  o f n o n -re e f  
fa c ie s  is  g re a t ly  a ffected  by r e e f  a c c re t io n . I t  is  im p o rta n t, th e re fo re ,  
to  d e te rm in e  th e  s e d im e n ta ry  re la tio n s h ip  o f re e f  and n o n -re e f  sed im ents  
befo re  d iscussing  subsequent d ia g e n e s is .
D epos itio n  o f R e e f and N o n -R e e f L ith o fac ies
T h e  s tudy a re a  w as g e n e ra lly  a  lo w  en erg y  p o rtio n  o f the  m a rin e  
s h e lf p r io r  to  th e  e stab lish m e n t o f  ta b u la r  cap rin id  r e e fs .  Rocks th a t  
u n d e rly  th e  c ap rin id  r e e f  fa c ie s  a re  p re d o m in an tly  fo r a m in ife r  pelo id  
l im e  m udstones and w ackestones. T h e s e  ro c ks  a re  c h a ra c te r iz e d  by 
m a ss ive  bedding, p e rv a s iv e  b u rro w in g , and contain  abundant fo s s ils  
of O rb ito lin a  te x a n a . M o llu s k  fra g m en ts  a r e  the o th e r dom inant a l lo -  
ch em ic a l constituen t o f these  ro c k s . T h e  o v e ra ll fo s s il assem blage  
re c u rs  throughout th e  T e xa s  C re taceous  and is  in te rp re te d  to  re p re s e n t  
a  sh allo w  m a rin e  s h e lf en v iro n m en t (Y oung , 1967; R o s e , 1970; Bebout,
1 9 7 4 ). T h e  p ro p o rtio n  o f  f in e -g ra in e d  carbonate  m a te r ia l  in  these  ro c ks  
g e n e ra lly  de cre as e s  u pw ard , im p ly in g  a  s lig h t in cre a se  in  lo c a l energy  
le v e ls  durin g  dep o sitio n .
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E a r ly  D evelopm ent o f  R eefs
P o rtio n s  o f th e  low  energy  s h e lf w e re  co lonized by caprin ids  
th a t m ay  have reproduced in  a  m a n n er analagous to  o y s te rs  (P e rk in s , 
1 9 7 4 , p e rsona l com m u n ic a tio n ). T h e  basal po rtio n  o f m ost caprin id  
re e fs  studied contains a  5 0 -8 0  cm  la y e r  o f cap rin id  l im e  w ackestone  
contain ig  recum bent ru d is ts  and o v erly in g  n o rm a l s h e lf  s ed im e n ts .
M a n y  o f th e  la r g e r  ru d is ts  in  these  basal la y e rs  a re  attached to  o th e r  
c a p rin id s , o y s te rs , and o th e r m o llu s k s . L o c a l c u rre n ts  th a t winnowed  
the  s h e lf m uds a ls o  p robab ly  acted as a  tra n s p o rt m echanism  fo r  cap­
r in id  spat th a t w e re  produced in  th e  n o rth e a s te rn  p o rtio n  o f the  tre n d . 
Upon th e ir  a r r iv a l  in  the  study a r e a , the  spat attached to  any a va ila b le  
s u b s tra te , p robab ly  o ysters  and o th e r la rg e  m o llu s k s . Upw ard grow th  
on th e  re la t iv e ly  unstable m uddy su b stra te  re su lte d  in  the  "toppling"  
o f young ru d is ts . T h e se  ru d is ts  acted as su b stra tes  fo r  la t e r  gener­
a tions u n til ,  e v e n tu a lly , cap rin id s  c o m p le te ly  colonixed the  a re a  
(P e rk in s , 1975, pe rso n a l com m u n ic a tio n ).
Above the  b asal p o rtio n , ind iv id u a l re e fs  a re  com posed p re ­
d o m in an tly  o f c ap rin id  l im e  boundstone. T h e  la r g e , e re c t  caprin ids  
( Coalcom ana te x a n a ) often a tta ined  heights o f 35 c m . C .  texana  is  
e a s ily  id en tified  m a c r o -  and m ic ro s c o p ic a lly  by the  th in -w a lle d  
long itud ina l o r  p a ll ia i  can a ls . T h e s e  canals (F ig .  12) a re  bounded by 
v e r t ic a l ,  ra d ia l p la tes  th a t m ay  be s im p le , p o ly fu r c a te , o r  transec ted  
by v e r t ic a l ,  ta n g e n tia l p la te s . Open d uring  l i f e ,  th e  canals have usually  
been f i l le d  w ith  m ic r i te  o r  a  com bination o f m ic r ite  and s p a r ry  c a lc ite
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F ig u re  1 2 . C a p rin id  ru d is ts  in  caprin id  l im e  boundstone. P ip e  C r e e k .  
N otice  the  w e ll-d e fin e d  p a llia i c an a ls . K n ife  is  5 c m .
F ig u re  1 3 . P ho tom icro graph  o f Rhodophyte P arach ae te tes  loba tum  
w ith in  r e e f  fra m e w o rk  cav ity  a t P ip e  C re e k . B a r  sca le  is  1 c m .
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cernent. A ttached  (lo w e r) v a lv es  a re  often a r t ic u la te  w ith  the s m a l le r ,  
fre e  (u p p er) v a lv e .  R udists  e ve n tu a lly  constructed  a  m u tu a lly -s u p p o rt iv e , 
wave re s is ta n t fra m e w o rk  th a t w as s tren gthened m a in ly  by contem p­
oraneous in te rn a l sed im enta tion  and c em e n ta tio n . O rgan ism s played  
only  a  m in o r  ro le  in  fra m e w o rk  s ta b iliz a t io n .
A n  en cru s tin g  fo r a m in ife r ,  C osc inop hragm a c r ib ro s u m  ,  is  
observed to  o c ca s io n a lly  coat c ap rin id s  and o y s te rs . Its  te s t is  an  
anastom osing ne tw o rk  o f tub ules  th a t often  b ifu rc a te  o u tw a rd . T h is  
organ ism  m o st often occurs  a t the  jun c tio n  fo rm e d  by tw o ad jacen t rud ­
is ts  but i t  w as on ly  observed  in  a  fe w  th in —s e c tio n s .
T h e  rh o d o p h /te  P ara ch ae te te s  lobatum  , f i r s t  d escrib ed  f r  om  
P ip e  C re e k  (Johnson, 1 9 6 8 ), did not have an en cru s tin g  hab it but 
attached i ts e l f  to  the  s ides  o f fra m e w o rk  vo id s  w ith in  the  r e e f .  T h is  
a lg a  m a y  have in d ire c t ly  strengthened the  fra m e w o rk  as i t  g re w  in  
i r r e g u la r  to  loba te  branching m asses th a t a ided in  tra p p in g  sed im e n t  
w ith in  fra m e w o rk  vo ids  (P ig .  1 3 ) .
G as tropod s, th ic k -s h e lle d , s lig h t ly - f r i l le d  o y s te rs , a  
re q u ie n iid  r u d is t , and o th e r , les s  abundant b iva lve  m o llusks  th a t 
a re  g e n e ra lly  u n id e n tifia b le  to  the  g e n e ric  le v e l a ls o  o ccu r w ith in  the  
r e e fs .  E ch in o id s , agglutinated and m ilio l id  fo r a m in ife r s ,  o s tra co d s , 
and dasycladacean a lgae  a re  lo c a lly  abundant. T h e se  fo s s ils  re p re s e n t  
epifauna and s hallow  in fauna , but did not c o n trib u te  to  the  r e e f  fra m e ­
w o rk .
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T h e  m a in  r e e f  m ass is  a p p ro x im a te ly  250 m e te rs  w ide  and m ^  
extend 4  to  5 km  in  the  subsurface  (F ig  . 1 4 ) .  A c tu a lly , th is  m ass is  
not a  s in g le  r e e f  but a  s e r ie s  o f o v erla p p in g , juxtaposed ta b u la r  re e fs  
th a t a r e ,  in d iv id u a lly , 2 to  4  m e te rs  th ic k .  T o ta l  th ickness  o f th e  r e e f  
m ass  is  16 m e te r s . Ind iv id u a l ta b u la r  re e fs  r a r e ly  exceed 150 m e te rs  
w ide and 300  m e te rs  lo n g . P o rtio n s  o f the  r e e f  a re  com posed o f len ses  ■ 
o f c ap rin id  l im e  packstone th a t re p re s e n t m a te r ia l  eroded fro m  ad­
ja c e n t r e e f  fra m e w o rk  and deposited betw een a c c re tin g  r e e fs . A bsence  
o f w e ll-d e v e lo p e d  fo r e r e e f  and b a c k re e f ta lu s  deposits  s im i la r  to  
fr in g in g  ru d is t re e fs  o f Is r a e l  (B e in , 1976) o r  s h e lf m a rg in  ru d is t  
re e fs  o f T e x a s  (B eb o u t, 1974) im p lie s  the  r e l ie f  was not s u b s ta n tia l. 
A lthough the  r e l ie f  o f the  e n tire  r e e f  m ass p robab ly  d id  not exceed  
5 m e te rs  (P e r k in s , 1 9 7 4 ), the surround ing  sed im ents  w e re  a ffected  
by th e  presence  o f the  o rg a n ic  r e e f  fra m e w o rk .
B ored  s u rfa ce s  ; Pholad borings o ccur in  one c o re  and w ith in  the  
outcropping r e e f  m ass a t P ip e  C re e k . T h e s e  borings a re  recogn ized  
by th e ir  sm ooth m a rg in s , s e m i-c ir c u la r  to  ovoid shape , and s iz e  
(F ig .  1 5 ) . T h e  outcropping bored  s u rfa ce  (F ig s .  16 and 1 7 ) , lo c a lly  
encrusted  w ith  o y s te rs , o v e r lie s  a  th in  la y e r  o f m o llu sk  l im e  pack­
stone to  g ra in s to n e  o r  cap rin id  l im e  boundstone. In  one c o re  through  
a  po rtio n  o f th e  r e e f  m ass  (R otge  6 ) located  240 m e te rs  southeast o f th e  
outcrop (F ig .  1 ) ,  a  s im i la r  s u rfa ce  is  developed on f in e ly -la m in a te d  
m ilio l id  l im e  w ackestone (F ig .  1 8 ) . T h e  w ackestone has been
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F ig u re  1 4 .  S u b su rfac e  tre n d  o f en v iro n m e n ts  a s s o c ia te d  w ith  the  
P ip e  C re e k  c ap rin id  r e e f  c o m p le x .
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F ig u re  1 5 . D la g r a m a t ic  c o m p a ris o n  o f th e  m o rp h o lo g y  o f e xc av a tio n s  m ade by  
c o m m o n ly -o c c u rr in g  r o c k -b o r in g  o rg a n is m s . (M o d ifie d  fr o m  P e r k in s ,  1 9 7 1 ).
F ig u re  1 6 . O utcropping pho lad-bored  s u rfa c e  (a rro w ) a t P ip e  C re e k  
th a t s ep arates  tw o c ap rin id  re e f  m a ss es . A  th in  wedge o f m ilio lid  
l im e  w ackestone in te rc a la te s  the  reefs  and o v e rlie s  the  bored su rfa ce  
in  the  fo re g ro u n d . T h is  wedge pinches out in  the background w here  
the  tw o re e fs  a re  in  ju x tap o s itio n .
F ig u re  1 7 . P h o lad -b o red  s u rfa ce  (a rro w ) a t the top o f the lo w e r  
re e f  m ass a t P ip e  C re e k . N o tice  the s u rfa c e  is  re la t iv e ly  p lan ar  
but does contain m in o r  ir r e g u la r it ie s .
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F ig u re  1 8 . P ho lad -bored  s u rfa ce s  in  s labbed su rfa ce s  o f the  Rotge 6  
c o re  ( le ft )  and the  outcrop a t P ip e  C re e k  (r ig h t ) .  Both s u rfa ce s  a re  
o v e rla in  by p o o rly -s o rte d  lim e  packstone.
F ig u re  1 9 . In tra c la s t ( I )  o f m o llu sk  p e lo id  l im e  w ackestone ty p ica l 
o f the  ro c k  type th a t und e rlie s  the  bored s u rfa ce  in  the Rotge 6 c o re .  
In tra c la s t  is  coated by a  m ic r ite  r im  and has been bored (b ) .  
P hotograph taken 6 cm  above the  bored s u r fa c e .
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b re cc ia ted  and re w o rk e d  in to  o v erly in g  c o a rs e -g ra in e d  in tra c la s t ic  
m o llu s k  lim e  packs tone . S o m e  in tra c la s ts  a re  coated by an isopachous  
m ic r i te  r im  (F ig .  1 9 ) .
I t  is  unknown w h eth er o r  not the  tw o bored s u rfa c e s  a re  con­
tinuous o r  re p re s e n t s u rfa c e s  th a t developed a t d if fe re n t t im e s .
In  e ith e r  c a s e , P e rk in s  (1 9 74 ) suggested th a t th e y  re p re s e n t period s  
o f r e e f  em erg e n ce  caused by e u static  flu c tu a tio n s  o f sea  le v e l.  T h is  
in te rp re ta t io n  im p lie s  th a t re g io n a l te c to n ic  u p lif t  c o m p le te ly  exposed  
the  r e e f  to  s u b a e ria l p rocesses  th a t produced vadose a lte ra tio n  and 
cem entation  o f  th e  s e d im e n ts . D u rin g  re su b m e rg en ce  o f the re e f  
m ass  the  s u rfa c e  w as bored by pholad m o llu sks  and encrusted  by 
o y s te rs . T o  support th is  th e o ry , evidence o f an e a r ly  fre s h  w a te r  
vadose an d , p re s u m a b ly , p h re a t ic  die genesis should be p re s e n t.
A n  a lte rn a tiv e  exp lanatio n  is  th a t the  bored  s u rfa c e s  re p res en t  
s u b m arin e  o r  in te r t id a l  hardgrounds  th a t developed on the  upper s u r ­
fa c es  o f c ap rin id  l im e  boundstone when upw ard r e e f  a c c re tio n  resu lted  
in  the  upper p o rtio n  o f the  re e f(s ) reach ing  m ean sea  le v e l . S im i la r  
s u rfa ce s  a re  developed on th e  r e e f  c re s ts  o f a l l  m o d e rn  c o ra lg a l re e fs  
th a t have reached th e  l i t to r a l  zone by v e r t ic a l  a c c re t io n .
C r i t e r ia  fo r  hardgrounds include s u rfa ce s  th a t have been bored  
by m a rin e  o rg a n ism s ; corroded  o r  eroded (b y  a b ras io n ); have e ncrus t - .  
ing o r  o th e r  s e s s ile  o rgan ism s attached to  th e  s u rfa c e ; o r  pebbles  
fro m  the  u n derly ing  bed rew o rk e d  in to  the  o v e rly in g  bed (B a th u rs t, 1971 ) .  
Rose (1970 ) in te rp re te d  a bored su rfa ce  in  th e  E d w ard s  F o rm a tio n
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as a  s e r ie s  o f  lo c a lly -d e v e lo p e d  su b m arin e  h ardgrounds . S uperim posed  
borings o f a  L ith o p h ag a-type b iva lve  a t the top o f these  s u rfa c e s  
suggest th a t su b m arin e  cem entation  w as fo llow ed by b o rin g , s ed im e n ta tio n , 
c em e n ta tio n , b o rin g , e tc .  S h inn  (1969 ) d iscovered  th a t p e rv a s iv e  
s u b m arin e  d iag enesis  is  a ffe c tin g  s h a llo w  m a rin e  carbonate  sed im ents  
in  the  P e rs ia n  G u lf.  C em entatio n  is  m ost pronounced in  a re a s  o f low  
s ed im e n ta tio n . P o o r ly -  and w e ll-c e m e n te d  la y e rs  o f s ed im e n t often  
a lte rn a te , a  re s u lt o f d if fe re n tia l sed im enta tion  ra te s .  B o rin g s  w ith in  
th e  in d u ra ted  la y e rs  a re  often superim posed and fi l le d  w ith  sed im e n t  
th a t is  younger than  th e  la y e r .  P r im a r y  c a v itie s  in  these  hardgrounds  
a re  fa iled  w itn  p e lle te d  in te rn a l sed im ent th a t o v e r lie s  s u b m arin e  cem ­
e n t. No fre s n  w a te r  d iag enesis  has a ffected  these  sed irre  n ts . T h e  
question o f h w the  bored s u rfa ce s  a t P ip e  C re e k  developed w i l l  be 
exam ined in  d e ta il du rin g  th e  d iscussion  o f d iag en e s is .
E a r ly  D eve lopm ent o f N o n -R e e f S ed im ents
In  a re a s  behind th e  c a p rin id  re e fs  a  th ic k  sequence o f l im e  
w ackestones th a t contain  num erous cap rin id  mounds a c c u m u la ted .
T h e se  m ounds a re  p a r t ic u la r ly  w e ll-e xp o se d  along Red B lu ff  C re e k  
and the M e d in a  R iv e r  w es t o f the  study a re a  (F ig s . 1 and 2 0 ) .  In  p lan  
v ie w  th e y  a re  c ir c u la r  and often exceed 30 m e te rs  (b a s a l d ia m e te r ) .
T h e i r  c ro s s -s e c tio n a l re se m b les  an in ve rte d  cone because th e ir  w idth  
de cre as e s  to  less  than  one m e te r  a t th e ir  to p . T h e  upper p o rtions  o f 
s e v e ra l mounds w e re  eroded to  fo rm  m o llu sk  l im e  packstone to  g r a in -  
s to n e . T h e  o v e ra ll fa b r ic  o f the  m ounds is  l im e  w ackes tone , s im i la r
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F ig u re  20c C a p rin id  mounds along the M ed in a  R iv e r .  M ounds a re  
separated  by m ilio lid  pe lo id  l im e  w ackestone c h a ra c te r is tic  o f the  
b a ck ree f a re a .
F ig u re  21 . C a p rin id  mound and in te r-m o u n d  sed im ent contact a t 
P ip e  C re e k . Note the  in te r-m o u n d  sed im ents  "d ra p e ” o v e r the  
m ound. T h e  mound is  com posed o f c ap rin id  l im e  w ackestone. 
T h e  caprin ids  a re  m o s tly  recum bent although they a re  often  
a r t ic u la te .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
to  th e  basal p ortions  o f th e  cap rin id  r e e fs . H o w e v e r, the  cap rin id s  
■ th a t com pose th e  m ounds w e re  not ab le  to  construct a  m u tu a lly -  
s upportive  fra m e w o rk . E v id e n tly  caprin id  m ounds accum ulated in  
b a c k re e f a re a s  th a t w e re  on ly  m a rg in a lly  fa v o ra b le  fo r  ru d is t g ro w th .
T h e  p reponderance o f l im e  mud m a tr ix  in  th e  m ounds ind ica tes  tha t 
e n erg y  le v e ls  w e re  re la t iv e ly  lo w . E ith e r  sed im en ta tio n  ra te s  o f 
l im e  mud surround ing  th e  mounds exceeded c ap rin id  g row th  ra te s  
o r  ta b u la r  re e fs  re s tr ic te d  th e  c irc u la tio n  o f w e ll-o > yg e n a te d , 
n u tr ie n t-r ic h  w a te rs  n e ce s sa ry  fo r  caprin id  g ro w th . T h e  la rg e  
v o lu m e o f mud th a t co m p ris e s  the ba ck ree f l im e  w ackestone zone  
th a t surrounds  cap rin id  m ounds was e ith e r  generated  in  s itu  , tra n s ­
p orted  in to  the  b a c k re e f a r e a ,  o r  both. T h e  g e n era l shape o f the  
m ounds suggests th a t the  c ap rin id s  w e re  g ra d u a lly  s m othered  as the  
deposition al ra te  o f l im e  mud in c re a s e d .
N o n -c a p rin id  l im e  w ackestones w e re  deposited synchronously  
w ith  cap rin id  re e fs  and m ounds (F ig .  2 2 ) . T h e  th ickness  o f these  
rocks  ranges betw een 4  and 27  m e te rs  throughout th e  s tudy a r e a .
T h is  sequence is  g e n e ra lly  d n a rac te rized  by  m a ss ive  bedding, b u rro w s , 
and the  g e n era l la c k  o f m e g a -fo s s ils . Miost b u rro w s  a re  ra n d o m ly - 
o rien ted  and range in  d ia m e te r  fro m  0 .4  and 1 .5  cm  (F ig .  2 3 ) .
A lthough la rg e  fo s s ils  a re  s c a rc e , the m o llu sk  fra c t io n  does include  
o y s te rs , in o c e ra m id s , o th e r p o o rly -s o rte d  b iv a lv e s , and gastropods. 
M ilio l id  fo ra m in ife rs  a re  ubiquitous to  these  ro c k s . H o w e ve r, the  
dom inant a llo c h e m  is  p e lo id s , rounded aggregates  o f m ic r ite  th a t, in  
these  ro c k s , a v e ra g e  60  um  in  d ia m e te r . P o in t count da ta  revealed
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F ig u re  2 2 .  Id e a liz e d  b lock  d ia g ra m  show ing the  e a r ly  d e ve lo p m en t o f  
th e  c a p rin id  r e e f  fa c ie s  a t P ip e  C r e e k . T h is  is  a  g e n e ra liz e d  
d ia g ra m  based on outcrop  and c o re  d a ta . R eefs  (R ) s h e lte r  th e  b a c k -  
r e e f  a r e a  w here , ca p rin id  m ounds (B ) and m ilio l id  p e lo id  l im e  wacke#- • 
stones (M )  a c c u m u la te . S o m e  l im e  packstone and g ra in s to n e  
deposits  (G ) have re s u lte d  fro m  p h y s ic a l e ro s io n  o f  th e  r e e fs .  T h e  
surro u n d in g  s h e lf  is  th e  s ite  o f m o llu s k  pe lo id  l im e  w ac k es to n e  to  
packstone deposition  (W )« "The top o f the  b lock re p re s e n ts  m e an  s e a  
le v e l .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
F ig u re  2 3 .  R an d o m ly -o rie n te d  b urrow s  in m ilio l id  pelo id  l im e  
w ackestone . R ip p e y  1 .
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Cernent +  P o ro s ity
A llo ch em s
P elo id
B(7)
\^ A Ç 2 8 )
M a tr ix
^M o llusk
’B (7)
A (2 8 )
O thers
F ig u re  2 4 . T e r n a r y  d ia g ra m s  showing the  com position  (p o in t count) 
o f (A ) in te r-m o u n d  l im e  w ackestones and (B ) m a rin e  s h e lf l im e  w a c k e -  
s to n e s , S h e lf rocks  contain  les s  m a tr ix  w hereas  in te r-m o u n d  rocks  
contain  a  la r g e r  p ro p o rtio n  o f m ill io l id  fo ra m in ife rs  (  o th e rs ). T h e  
num bers  w ith in  parenthèses in d ica te  the nu m b e r o f th in -s e c tio n s  used .
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th a t , w ith  the  exception o f m i ll io l id s ,  th e  a llo c h e m s  th a t com pose the  
lim e  w ackestones on the  seaw ard  s ide  o f ta b u la r  re e fs  a r e  re m a rk a b ly  
s im i la r  to  those l im e  w ackestones in  the  b a c k re e f area»  T h e  reason  
fo r  th e  ap p are n t re s tr ic t io n  o f m ilio lid s  to  the  b a c k re e f a re a  m a y  be  
re la te d  to  the  o r ig in  o f the  l im e  m u d .
O rig in  o f l im e  mud : T w o  th e o rie s  concern ing  th e  o r ig in  o f l im e  m ud  
dom inate  re c e n t l i te r a tu r e ,  one s ta tes  th a t m ost l im e  mud is  produced  
by th e  ge n era tio n  and p o s t-m o rte m  d is in te g ra tio n  o f codiacean a lgae  
(L o w e n s tam , 1955) and the  second s ta tes  th a t th e  m echanism  o f l im e  
mud production  is  the  d ire c t  p re c ip ita tio n  o f a rag o n ite  needles fro m  
sh allo w  m a rin e  w a te rs  s u p ersa tu rated  w ith  re s p e c t to  c a lc iu m  c a r ­
bonate (B ro e c k e r  and T a k a h a s h i, 1 9 6 6 ). O th e r th e o rie s  include the  
d is in te g ra tio n  o f m a rin e  g ra ss  ep ib ion ts  (Land  1 9 7 0 ), d ire c t  s k e le ta l 
contribu tion  by coccoliths  (S c h o lle  and K lin g , 1 9 7 1 ), and p hysical 
a b ras io n  o f s k e le ta l g ra in s  (F o lk ,  1 9 6 5 ).
I t  has been suggested (P e rk in s , 1974) th a t the  s ea  f lo o r  in  the  
in te r-m o u n d  a re a  w as covered  w ith  m a rin e  g ra ss es  th a t prov ided  
s h e lte r  and a ttach m ent fo r  m ilio l id  fo r a m in ife r s .  M o d e rn  m ilio lid s  
a re  benthonic and p r e fe r  g ra s s y , s h e lte re d  a re a s  o f the sea  f lo o r  
(G r e in e r ,  1 9 6 9 ). B ro a d -le a fe d  v a r ie t ie s  o f m a rin e  g ra ss es  l ik e  
T h a la s s ia  tes tinudum  a re  com m only  encrus ted  fcy c a lcareous  ep i­
p h y tes , u s u a lly  c o ra llin e  rhodophytes, in  s u b -tro p ic a l and tro p ic a l 
m a rin e  e n v iro n m e n ts . W!nen the  tip s  o f the  g ra ss  b lades b reak  o ff  
d uring  the  n o rm a l g row th  cyc le  the  epiphytes  ra p id ly  deg en e ra te , 
co n trib u tin g  m ic ro n -s iz e d  m agnesian  c a lo tte  to  the  sed im ent m ass
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(P a tr iq u in , 1 9 7 3 ), S e v e ra l s tud ies  have shown th a t s ig n ific a n t  
quantities  o f l im e  mud m ay  be produced in  th is  m a n n er (L a n d , 1970; 
P a tr iq u in , 1 9 7 2 ).
A  m o re  accepted m ethod o f genera ting  l im e  mud is  the death  
and d is in te g ra tio n  o f codiacean a lgae  th a t a re  com m only  associated  
w ith  g ra s s y , lo w  en erg y  portions  o f m o s t m o dern  carbonate  shelves  
(M u lte r ,  1 9 7 1 ). Upon the  seasonal death o f these  p la n ts , decay o f 
the  o rg a n ic  m a te r ia l  th a t binds th e  ca lc are o u s  sheaths to g e th e r r e l ­
eases m u d -s iz e d  (1 to  3  um ) a rag o n ite  needles to  the  sed im ent m ass  
(L o w e n s tam , 1 9 5 5 ). P ro d u c tiv ity  s tud ies  in d ica te  th a t the  vo lu m e o f 
a ra g o n itic  m ud produced by a lgae  can account fo r  the  to ta l accum ulation  
o f l im e  mud in  F lo r id a  Bay (S tockm an  e t a l . ,  1967) and portions  o f 
the  B aham a Banks (N eum ann and L and , 1 9 7 5 ).
D ir e c t  p re c ip ita tio n  o f m ic ro n -s iz e d  a rag o n ite  fro m  sea  w a te r  
a p p are n tly  o ccu rs  in  th e  Baham as and th e  P e rs ia n  G u lf.  Flood tid e s  
re g u la r ly  c irc u la te  r e la t iv e ly  cool w a te rs  fro m  th e  F lo r id a  S tra its  
onto the  s h a llo w  B aham a P la tfo rm . A s  the  w a te r  te m p e ra tu re  in­
c re a s e s , the  p a r t ia l p re s s u re  o f COg in cre a se s  and induces the  
p re c ip ita tio n  o f a ra g o n ite . Less a rag o n ite  is  p re c ip ita te d  as the  re s ­
idence t im e  o f the  w a te r  on the  bank in cre a se s  (B ro e c k e r  and T a k a h a s h i, 
1 9 6 6 ). A ra g o n ite  p re c ip ita tio n  ra te s  m easured  by B ro e c k e r and 
T akahash i e x tra p o la te d  to  5000 y e a rs  b .p .  in d ica te  th is  method a ls o  
can account fo r  m ost o f the  lim e  m ud th a t has been deposited on the  
Baham a P la tfo rm .
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D ia to m  photosynyhesis has been suggested as the  m echanism  
resp o n s ib le  fo r  the  p re c ip ita tio n  o f a rag o n ite  in  the  P e rs ia n  G u lf  
(W e lls  and T ilin g , 1 9 6 4 ). C arbon  d iox ide  re le a se d  d uring  the  re s ­
p ira t io n  o f m a rin e  p la n ts  causes th e  p re c ip ita tio n  o f m a rin e  a ra g o n ite .  
Although no d iatom s have been id en tified  fro m  th e  lim e  w ackestones  
a t P ip e  C re e k , the  m ud could have been produced d uring  th e  n ight re s ­
p ira t io n  c yc le  of a q u atic  p lan ts  l ik e  codiacean a lg a e , g ra s s , o r  
d ia to m s . C e r ta in ly ,  a b ras io n  o f s k e le ta l g ra in s  (F o lk ,  1965) in  the  
h ig h e r en erg y  portions  o f ne arb y  re e fs  was p a r t ly  re spons ib le  fo r  the  
production  o f som e c a lcareo u s  m u d . H o w e v e r, i t  is  u n lik e ly  th a t . 
m e ch a n ica l ab ras ion  could have produced the  e n tire  vo lu m e  of l im e  
m ud th a t c o m p ris e s  the  b a c k re e f l im e  w ackes tones .
L a te r  D evelopm ent o f  R e e f and N o n -R e e f L ith o fac ies
W hen bored s u rfa c e s  developed on the  upper po rtio n s  o f ta b u la r  
re e fs ,  the  r e e f  c re s t(s ) w e re  eroded and sub jected  to  m a rin e  p lan a tio n . 
M a te r ia l  d e riv e d  from  the  r e e f  c re s ts  was re -d e p o s ite d  as a  s e r ie s  
o f l im e  packstone and w ackes tone . T h e se  re la t iv e ly  c o a rs e -g ra in e d  
ro cks  have been d iv ided  in to  in fo rm a l units  by the  w r i t e r  onthe basis  
o f s e d im e n ta ry  s tru c tu re s  and la te r a l  d is tr ib u tio n  o f th e  sand deposits  
(T a b le  2 ) .  U n it I  is  composed o f a  s e r ie s  o f acc retio n -b e d d ed  m o llu sk  
l im e  gra ins ton es  te rm e d  p e r i - r e e f  deposits  (P e r k in s , 1 9 7 4 ). T h e s e  
ro c ks  contain  a  v a r ie ty  o f a llo c h e m s  com m only  found in  ta b u la r  r e e fs . 
T h e  u n it, 2 .0  to  2 .5  m  th ic k , is  developed on th e  s eaw ard  s ide  o f one 
o f the  outcropping re e fs  but is  absent in ad jacen t c o re s . T h e re fo re ,
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th e  rocks  p robab ly  re p re s e n t a  s m a ll ,  lo c a l accum ulation  o f carbonate
U n it I I  is  com posed o f m ass ive -bedded , a c c re t io n  bedded, and 
festoon cross -bedded  m o llu sk  l im e  packstones and g ra in s to n e s . T h is  
u n it crops  out and is  p re se n t in  th re e  c o res  ad jacen t to  the  outcrop as  
w e ll as th e  Odum c o re , 4  km  northw est o f th e  outcrop (F ig .  1 ) .  When  
the  lo c a lly -p e rs is ta n t O rb ito lin a  bed th a t m a rk s  the  top o f the R e e f  
In te rv a l is  re s to re d  to  h o riz o n ta l, the  e lev atio n s  o f th e  bases o f U n it I I  
and the  outcropping pholad bored s u rfa c e  a re  e q u iv a le n t. T h is  coincidence  
suggests th a t th e  gra ins ton es  began to  accum ulate  when the  upper por­
tions  o f the  re e fs  approached sea  le v e l ( F ig . 2 5 ) . T h e  U n it I I  l im e  
gra ins ton es  and packstones c o m p ris e  a  l in e a r  sand body th a t tre n d s  
no rth e a s tw a rd . T h r e e  d is tin c t subunits can be defined  in  the sand body.
T h e  sou theas te rn  p o rtio n  o f the  sand body (s e aw a rd ) is  c harac ­
te r iz e d  by festoon cross-bedded  lim e  packstones and gra ins ton es  tha t 
tre n d  n o rth e a s tw a rd . Ind iv idua l festoons contain  s m a ll-s c a le  
a s y m m e tr ic a l r ip p le s  th a t a re  g e n e ra lly  o rien ted  n o rm a l to  the  a x is  
o f the  festoon (F ig .  2 6 ) . A  pronounced s c o u r s u rfa ce  a t the  base o f the  
festooned channels m a rk s  the contact betw een these  rocks  and the  
underly ing  m a rin e  s h e lf m o llu sk  pe lo id  l im e  w ackestone to  packstone  
(F ig .  2 7 ) .  T h e  festoon c ross-bedded un it is  la te r a l ly  e qu iva len t to  
lim e  w ackestone seaw ard  and acc retio n -b e d d ed  l im e  packstone to  
gra inston e land w ard  (F ig .  2 8 ) . On the  basis  o f s e d im e n ta ry  s tru c tu re s  
and its  re la tio n s h ip  to  ad jacen t ro c k s , the  festoon cross-bedded  unit
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F ig u r e  2 5 ,  Id e a liz e d  b lock  d ia g ra m  showing th e  de ve lo p m en t o f  
b ored  s u r fa c e s . P o rtio n s  o f  the  r e e f  com plex  (R ) have  reach ed  the  
l i t to r a l  zone by v e r t ic a l  a c c re t io n . T h e se  a re a s  a r e  in d ica te d  by b la c k . 
R e -w o rk in g  o f th e  r e e f  c re s ts  has p ro v id ed  s e d im e n t th a t is  in c o rp o ra te d  
w ith in  a  subm erged  b a r (G ) th a t p ro graded  n o rth w a rd . T h is  sand  
body s h e lte rs  m o re  o f th e  s h e l f .  In  response to  th e  lo w e re d  e n e rg y  
le v e ls  behind the  .b a r  c a p rin id  m ounds (B ) . m i l io l id  l im e  w ackestones  
( M ) ,  and re q u ie n iid  l im e  w ackestones ( T )  a c c u m u la te .
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F ig u re  2 6 . Festoon cross-bedded lim e  g ra inston es o f the  upper 
o ffshore  zone (U n it l ie )  a t P ipe  C re e k . Note the  s m a ll r ip p les  
in  the festoon tro u g h . T h e  trough dips n o rth east at 3 to  4  d e g ree s .
F ig u re  2 7 . B road  channel composed o f festoon cross-bedded  
lim e  g ra ins ton e  (F )  th a t scours  in to  underly ing  m a rin e  s h e lf  
l im e  w ackestones a t P ip e  C re e k . L ith o c la s ts  o f underlying  
sed im ent fre q u e n tly  occur a t the base o f the  cross-bedded u n it.
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F ig u re  2 8 *  Id e a liz e d  b lock  d ia g ra m  show ing fu r t h e r  d e ve lo p m en t o f  
th e  carbonate  sand body as  the  re e fs  (R ) a re  c o n tin u a lly  r e -w o rk e d  
in to  c o a rs e  m o llu s k  s e d im e n t. N ote the  re la tio n s h ip  b etw een  u p p e r  
offsh o re  ( f ) ,  fo re s h o re  a c c re t io n  ( a ) ,  and b a ckshore  w a s h o v e r (s ) b e d s .
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is  p ro b a b ly  an upper o ffshore  deposit th a t fo rm e d  in  a  s m a ll l i t to r a l  
d r i f t  zone a t th e  toe  o f a  carbonate  sand b a r  o r  beach .
U n it l ib  is  composed o f a c c re tio n  beds ( F ig . 29 and 3 0 ) th a t  
dip southeast a t 5 to  8 d e g re e s . P a r a l le l  inc lined  lam inations and 
graded bedding a re  th e  m ost com m on s e d im e n ta ry  s tru c tu re  in  these  
ro c k s . P a r a l le l  inc lined  lam in a tio n s  re s u lt  fro m  g ra in  seg re g a tio n  
w ith in  bedflow  d uring  backwash (P o tte r ,  1 9 6 7 ). S im i la r  s e d im e n ta ry  
fe a tu re s  associa ted  w ith  the  deve lopm ent o f sp its  in  the  Baham as have  
been te rm e d  beach a cc re tio n  beds (B a l l ,  1 9 6 7 ). In  th is  c a s e , a c c re tio n  
beds re p re s e n t the  inc lin ed  beds o f the beach fo re s h o re  zone th a t p ro ­
g rad es  o v e r  the  c ross-bedded (festoon) sands o f the  upper o ffshore  
zone d u rin g  th e  m ig ra t io n  o f the  s p it .  T h e  in c lin a tio n  angle o f s e a w a rd -  
dipping a c c re t io n  sets  is  la rg e ly  a  function  o f w ave s tre n g th , i . e .  th e  
h ig h e r the  w ave e n e rg y , the  h ig h e r the  in c lin a tio n  angle (M c K e e  and 
S te r r e t t ,  1 9 6 0 ). T h e  re la t iv e ly  gentle  d ip  o f the  fo re s h o re  beds a t  
P ip e  C re e k  suggests lo w  to  m o d e rate  w ave en erg y  during  d e p o s itio n .
P e rio d s  o f in creased  w ave a c t iv ity  during  s to rm s  often  
re s u lt ; in  the  deposition  o f p o o r ly -s o rte d  lan d w a rd -d ip p in g  beds on the  
sh o rew a rd  s id e  o f the  beach (B as co m , 1 9 6 4 ). T h e  re su ltin g  backshore  
s e d im e n ta ry  sequence contains c oarse  r -g r a in e d  (w ashover) beds th a t  
a re  in te rc a la te d  w ith  f in e r -g ra in e d  backshore  lagoon d e p o s its . T h e  
backshore  s e d im e n ta ry  sequence developed behind a beach can c lo s e ly  
re s e m b le  one deposited behind a subm erged sand b a r .  T h e  rocks  
th a t com pose th e  un it I I  sand body could re p re s e n t a  beach o r  b a r  sequence.
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F ig u re  2 9 . A c c re tio n  beds o f the  fo re s h o re  p ortion  o f the carbonate  
sand body (U n it lib ) th a t p rograded o v e r m a rin e  s h e lf l im e  w ackes tone . 
A c c re tio n  beds (a ) d ip  southeast a t 5 to  8  d e g re e s .
F ig u re  3 0 . A  s la b  o f an acc re tio n  bed showing th in  inc lined  p a ra lle l  
lam in a tio n s  and graded bedding. P ip e  C re e k .
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A t P ip e  C re e k  le n t ic u la r  beds o f l im e  w ackestone a r e  in te rc a la te d  by  
th ic k e r  beds o f m o llu sk  lim e  packstone th a t a re  g e n e ra lly  p o o r ly -  
so rte d  and contain  a la rg e  p ro p o rtio n  o f a n g u la r a llo c h e m s . M o s t o f 
the  l im e  w ackestones have been b u rro w e d . T h e  b u rro w s  a re  0=2 to  3 .0  
cm  in  d ia m e te r  and do not a p p ea r to  have any p re fe rre d  o rien tatio n»  
Ind iv idua l beds o f l im e  packstone d ip  northw est (la n d w ard ) a t 2  degrees  
and do not contain  s e d im e n ta ry  s tru c tu re s . A  re q u ie n iid  ru d is t is  the  
dom inant m e g a -fo s s il in  the  lim e  w ackestones (F ig  . 3 1 ) .  U n like  c a p - 
r in id s ,  these  ru d is ts  d id  not re q u ire  a  f i r m  s u b s tra te , but p re fe rre d  
lo w -e n e rg y , m uddy p o rtions  o f th e  s h e lf (P e r k in s , 1 9 7 4 ). O /s te r s ,  
gastropods, and m ilio l id  fo ra m in ife rs  a r e  associa ted  w ith  the  lim e  
w ackestones but c ap rin id  fra g m e n ts  a re  a p p a re n tly  re s tr ic te d  to  the  
l im e  packstone beds.
S t r ic k l in  e t a l .  (1968 ) and Inden (1 9 72 ) d e sc rib ed  a  s im i la r  
carbonate  ro c k  sequence w ith in  th e  Cow  C re e k  L im es to n e  in  T e x a s  th a t  
p robab ly  re p res en ts  a  beach . O th e r s im i la r  o c cu rre n c es  w ith in  the  
E dw ards  G roup in  T e x a s  have been re p o rte d  (M o o re  e t a l . ,  1972;
B ro w n , 1 97 5 ). S u p e r f ic ia l ly ,  the  g ra ins ton e  body a t P ip e  C re e k  
re se m b les  these  exam ples  ( F ig .  3 1 ) .  H o w ever th e re  a re  a  fe w  
d iffe re n c e s .
T h e  fo re s h o re  a c c re tio n  beds a t P ip e  C re e k  do not p ro g rad e  
o v e r upper o ffshore  ro c ks  and the  sequence is  not o v e r la in  by s u p ra -  
t id a l do lo m ite  o r  c a lic h e . In s te a d , the sequence is  u n d e rla in  and o v e r -  
la in  by shallow  m a rin e  s h e lf l im e  w ackestones. A lthough som e of the
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F ig u re  3 1 .  C o m p a riso n  o f , top to  bottom  : Round M o u n ta in  beach  
(a f t e r  M o o re  e t a l ,  1972) ; C ow  C re e k  beach (A f te r  S t r ic k l in  e t a l ,  
1971 and In d e n , 1972); f lu m e -p ro d u c e d  s u bm erged  b a r  (A f te r  M c K e e  
and S t e r r e t t ,  1960); and th e  P ip e  C re e k  sand body (U n its  I la  -  l i e ) .
R  =  ru d is t r e e f ,  D =  s u p ra t id a l d o lo m ite , P  =  n o rm a l m a r in e  s h e lf  
p e lo id  l im e  w ac k es to n e , W  =  w as h o v er d e p o s its , A  =  a c c re t io n  b e d s , '  
F  =  festoon  c ro s s -b e d s , m s l =  m ean  s ea  le v e l.
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l im e  w ackestones a r e  d o lo m itic , s e d im e n ta ry  s tru c tu re s  n o rm a lly  
p re se n t in  s u p ra tid a l d o lo m ite  sequences a r e  absent o r  p o o rly -d e v e lo p e d . 
M c K e e  and S te r r e t t  (1 9 60 ) have shown th a t s e d im e n ta ry  s tru c tu re s  
produced d uring  th e  fo rm a tio n  o f subm erged b a rs  in  f lu m e  e xp e rim en ts  
c lo s e ly  re s e m b le  th e  s e d im e n ta ry  sequence o f beaches (F ig .  3 1 ) . In  
o rd e r  to  e s tab lish  th a t U n it I  o r  p ortions  o f U n it I I  re p re s e n t beaches, 
d iag en e tic  fe a tu re s  th a t developed d u rin g  e xposure  m u s t be p re se n t 
(s e e  d iag enesis  s e c tio n ).
In  e ith e r  c a s e , the  sand body m ig ra te d  n o rtw a rd  f o r  a t le a s t 
4  km  fro m  the  m a in  r e e f  m ass  . W aves  th a t approached fro m  the  
southeast and e as t e ffe c t iv e ly  p iled  th e  sand in to  a  b a r  o r  beach.
T h e  in fe rre d  p a le o c u rre n t d ire c tio n  os opposed to  published data  
(S tr ic k l in  and A m s b u ry , 1974) th a t in d ica te s  re g io n a l c irc u la t io n  w as  
n o rth e a st to  southw est du rin g  a  p o rtio n  o f G len  R ose t im e . S tr ic k l in  
and A m s b u ry  (1 9 74 ) base th e i r  in te rp re ta t io n  o f c u r re n t d ire c tio n  
la rg e ly  on th e  tre n d  o f c la s tic  m a te r ia l in  ro c ks  im m e d ia te ly  below the  
R e e f In te r v a l .  T h e  tre n d  shows an o v e ra ll d e c re a s e  in  th e  p ro p o rtio n  
and m ean g ra in  s iz e  o f the  te rr ig e n o u s  com ponent to w a rd s  the  sou thw est. 
H o w e v e r, th is  tre n d  is  p robab ly  a re fle c tio n  o f fre s h  w a te r  ru n o ff fro m  
th e  L lan o  befo re  the  m a jo r  a c c re t io n a ry  phase o f  ta b u la r  cap rin id  re e fs  
had begun. P erh a p s  th e  re e fs  and the  sand body developed during  
p e riod s  o f reduced r e e f  a c t iv ity  along the  m a rg in s  o f the  Com anche  
S h e lf  th a t a llow ed w ave tra in s  to  re ac h  the  L la n o  s h o re lin e  
fro m  the  south and sou th e as t.
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T h e  b u ild -up  o f carbonate  sand produced r e la t iv e ly  lo w  energy  
conditions on the  land w ard  s id e  o f the  sand body. S e s s ile ,  so ft 
b o tto m -d w e llin g  ru d is ts , g a stro p o d s, and oy s te rs  flo u ris h ed  in  th is  
a r e a .  P e r io d ic  s to rm s  washed c o ars e  sand o v e r the  c re s t  o f the  sand  
body in to  th e  lo w e r  e n erg y  lag o o n . D u rin g  these  tim e s  p ortions  o f  the  
sand body m ay  have been e m e rg e n t fo r  s h o rt pe rio d s  as d e sc rib ed  by 
F o lk  (1967 ) fo r  carbonate  sands on the  Y u ca ta n  P la tfo r m . Because o f 
th e  la c k  o f subsurface  d a ta  betw een the  study a re a  and the  Odum c o re  
(F ig .  1 ) ,  i t  is  im p o ss ib le  to  a s c e r ta in  the  con tinu ity  o f th e  sand body. 
H o w e v e r, in te rve n in g  outcrops conta in  c ap rin id  mounds o f d ecreas in g  
s iz e  betw een the  outcrop a t P ip e  C re e k  and th e  Odum c o re  (P e rk in s ,  
1 9 7 6 , pe rso n a l com m u n ic a tio n ). T h e r e fo r e ,  the  lim e  g ra in s to n e  in  
th e  Odum c ore  m a y  re p re s e n t a  re la t iv e ly  n a rro w  zone o f g ra ins ton e  
s ed im e n ta tio n . A  th ic k  sequence o f co ars e  c ap rin id  l im e  packstone  
in  the  Hoskinson c o re , 3 .8  km  southeast o f th e  study a re a  (F ig .  1 ) ,  
suggests o th e r re e fs  and assoc ia ted  g ra ins ton e  deposits  m a y  be 
p re s e n t in  the  s u b s u rfa c e .
In  tw o c ores  (O dum  and Rotge 8  -  see F ig . 1 ) the  sequence o f 
c arbonate  sand body/lagoon is  in te rru p te d  by th in  zones o f a rg illa c e o u s  
s h a le . T h e  Odum c ore  contains a  bed o f sh a le  0 .3  m  th ic k  th a t con­
ta in s  lim e s to n e  pebbles in  th e  lo w e r  7 c m . T h e s e  pebbles a re  p o o r ly -  
s o rte d  m ilio l id  l im e  w ackestone th a t range in  d ia m e te r  fro m  0 .1  to  
0 .6  cm  in  d ia m e te r  and flo a t in  the  s h a le y  m a tr ix . T h e  la te r a l  exten t 
o f th is  bed is  unknow n. X - r a y  d iffra c tio n  ind ica tes  the  shale  contains
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q u a r tz , k a o lin ite , and i l l i t e .  T w o  p o s s ib ilit ie s  exp la in  the  nodular 
z o n e . One is  th a t the  nodu la r zone re p re s e n ts  a  s u b a e ria l e xp o s u re - 
s o il p ro f i le  developed on top o f l im e  w ackes tone . T h e  second a lte r ­
n a tive  is  th a t the  nodules re p re s e n t in tra c la s ts  th a t w e re  ripped  up 
fro m  underly ing  sed im ents  d uring  a  pe rio d  o f high lo c a l in flu x  o f 
te rr ig e n o u s  c la y  fro m  the  L la n o .
C a lic h e  zones com m only  contain  c a lcareous  nodules, p is o lith s , 
dess ica tio n  fe a tu re s , and m ic ro s p a r  (R e e v e s , 1 97 0 ). Th e se  zones  
a re  developed on o r  associated w ith  s u p ra t id a l sequences in ancient 
ro c ks  (In d e n , 1 9 7 2 ). E xcep t fo r  the  n odu les , no fe a tu re s  a ttr ib u ta b le  
to  s u r f ic ia l  d iag enesis  a re  p re s e n t. P e rk in s  (1 9 7 6 , persona l 
com m unica tion ) re p o rts  th a t the  o r ig in a l c o re  contained a  d a rk , p la n t-  
r ic h  c la y  f i l l in g  in  and around th e  upper p a r t  o f  th e  nodu la r zo n e .
T h e  p lan t fra g m en ts  w e re  id en tified  as E q u is ite s  sp . ,  a  fre s h  w a te r  
land p la n t.
T h e  Rotge 8 core  contains tw o zones o f ag illaceous  shale  th a t 
is  composed o f q u a r tz , k a o lin ite , i l l i t e ,  and goeth ite  w hich im p a rts  
a  red  c o lo r  to  th e  ro c k s . T h e  sh ale  zones a r e  0 .3  and 1 .0  m  th ic k  
but a r e  n e ith e r  n odu la r n o r a re  th e y  observed  in  o u tc rop . T h e  shales  
in te rc a la te  burrow ed  m o llu sk  pe lo id  l im e  w ackestone th a t probab ly  
w as deposited on the  s h e lf s eaw ard  o f the  re e fs .  A g a in , i t  is  m ost 
probab le  th a t th e  shales  re p re s e n t sed im e n t deposited fro m  the  L lano  
during  in cre a se d  ru n o ff. T h e  lac k  o f s am p les  and subsurface  data  
d e lin e a tin g  the  exten t o f the  s h aley  and n o d u la r zones p ro h ib its  a
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w ell-docum ented  in te rp re ta t io n  of th e i r  o r ig in .
D u rin g  accum ulation  and m ig ra t io n  o f the  sand body, the  upper  
portions  o f th e  r e e f  w e re  rew o rked  in to  0 .5  to  2 .5  m  th ic k  le n t ic u la r  
deposits  o f c o a rs e -g ra in e d , p o o r ly -s o rte d  c ap rin id  l im e  packstone to  
g ra in s to n e . T h e s e  beds pinch out la te r a l ly  in to  m o llu s k  pelo id  l im e  
w ackestone (F ig .  3 2 ) .  E ith e r  changes in  lo c a l w a te r  c h e m is try  th a t  
crea ted  conditions u n favorab le  fo r  ru d is t g row th  o r  the  m ig ra tio n  o f . 
ru d is t grow th c en ters  fro m  the  s tudy a re a  caused th is  supply o f c o arse  
m o llu sk  d e b ris  to  d is s a p a te . O f c o u rs e , the  th ird  p o s s ib ility  is  th a t 
the ra te , o f re g io n a l subsidence in cre a se d  d ra s t ic a lly  and exceeded  
c aprin id  g row th  ra te s .
T h e  f in a l phase o f cap rin id  r e e f  fa c ie s  deposition  is  re co rd e d  
by lo c a lly  d o lo m itic  m o llu sk  lim e  w ackes tones . T h e  lim e  w ackestones  
a re  s im i la r  to  s h e lf w ackestones s eaw ard  o f the  re e fs  and sand body.
T h e  upperm ost 1 .0  to  1 .5  m  o f th is  sequence is  lo c a lly  d o lo m itic , 
s o m etim es  a tru e  do lostone. T h e  d o lo m itic  bed is  o v e rla in  by 
O rb ito lin a  l im e  w ackestone and un d e rla in  by n o n -d o lo m itic  m o llu s k  
pelo id  l im e  w ackes tone . T he  lo w e r  contact is  e x tre m e ly  t r a n s it io n a l.  
S e d im e n ta ry  s tru c tu re s  include vag u e ly -d e fin ed  th in  lam in a tio n s  and  
b u rro w s . T h e s e  b urrow s  often contain  num erous O rb ito lin a  re m a in s ,  
rew orked  in to  the  dolostone fro m  o v erly in g  beds as bu rro w  f i l l in g  
(F ig .  34  and 3 5 ) .  D iscontinuous lam in a tio n s  rang ing  in  th ickness fro m  
0 .5  to  2 .5  cm  a re  best developed in  the  upper portions  o f the  do los tone . 
T h e se  s e d im e n ta ry  fe a tu re s  g ra d u a lly  d isa p p e ar downw ard through the
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F ig u r e  3 2 .  F in a l phase o f c a p rin id  r e e f  fa c ie s  d e v e lo p m e n t. S h e lf  
subsidence has ou ts trip p e d  c a p rin id  g ro w th  ra te s  and has  re s u lte d  in  
th e  c re s ts  o f the  re e fs  being re -w o rk e d  in to  b lan ke t s a n d s . S in c e  th e  
re e fs  no lo n g e r acted  as  e n e rg y  b a ffle s , th e  sand b lan ke ts  a r e  la t e r ­
a l ly  contiguous tp  n o rm a l s h e lf  m o llu s k  p e lo id  l im e  w ackes tone  and 
packstones (W ).
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F ig u re  3 3 . D o lo m itic  l im e  wackestone (D ) a t the  top o f  the caprin id  
r e e f  fa c ie s  a t P ip e  C re e k . Above is  the  O rb ito lin a  bed and the  
clam  s te in k e rn  bed (O  and C  re s p e c tiv e ly ), lo c a l s tra t ig ra p h ie  
m a rk e rs .  D o lo m itic  l im e  w ackestone g rades dow nw ard in to  m a rin e  
s h e lf l im e  w ackestone (W ) .  A  portion  o f th e  b lan ket sand deposit (G ), 
0 .4  m e te rs  th ic k , o v e r lie s  the  caprin id  r e e f  m a s s .
F ig u re  3 4 . C lo s e -u p  o f th e  d o lo m itic  l im e  w ackestone in  F ig u re  3 3 , 
M ote  the  fa in t la m in a tio n s  (a rro w ) and p e rva s iv e  b u rro w s . T h is  
rock  contains 1 8 .0 %  p ro tod o lo m ite  by X - r a y  a n a ly s is .
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F ig u re  3 5 .  A  b u rro w  in  the  d o lo m itic  lim e s to n e  shown in  F ig u re  3 3 . 
T h e  b u rro w  is  f i l le d  w ith  O rb ito lin a  l im e  w ackestone f ro m  th e  o v e r -  
ly in g  bed .
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tra n s it io n  w ith  u n d e rly in g , n o n -d o lo m it ic  l im e  w ackestones. E xcep t 
when la m in a tio n s  a re  w e ll-p r e s e r v e d , th e  dolostones a re  in d is ­
tin g u is h ab le  fro m  underly ing  beds. F e a tu re s  n o rm a lly  associa ted  w ith  
Holocene s u p ra t id a l do lo m ite  sequences such as dess ica tion  c ra c k s ,  
b ird s e y e s , e v a p o rite  nodules o r  c a s ts , o r  s tro m a to lite s  (S h in n  e t a l . ,
1965) a r e  notab ly  a b se n t. T h e  dolostone u n it a t P ip e  C re e k  is  v e r y  d is ­
continuous and is  not associa ted  w ith  th e  upper portions  o f a  b e a d i  
sequence as a r e  th e  s u p ra tid a l d o lo m ite  sequences in  the  T e x a s  
C re ta c e o u s  re p o rte d  by Inden (1 9 72 ) and M o o re  e t a l .  (1 9 7 2 ). A ny  
d iscussion  o f  the  d o lo m itiz a tio n  p rocess  m ust account fo r  the lo c a l 
and a p p a re n tly  random  d is tr ib u tio n  o f d o lo m ite  w ith in  the  s e c tio n .
T h e  o r ig in  o f these  d o lo m ites  w i l l  be d iscussed in  th e  d iag enesis  sec tio n  
o f th is  d is s e r ta tio n .
Conclusions
B asa l beds o f the  R e e f In te rv a l a r e  m o llu sk  pelo id  l im e  w acke­
stones and m udstones c h a ra c te r is t ic  o f s h a llo w  m a rin e  sed im ents  o f  
th e  C om anche S h e lf .  T h e  c ap rin id  r e e f  fa c ie s  o f th e  R e e f In te rv a l  
is  re p re s e n te d  by r e e f  and n o n -re e f  fa c ie s . C a p rin id  s p a t, sw ept in to  
. th e  a r e a  by th e  re g io n a l c irc u la t io n  o f m a rin e  w a te rs  o v e r the  s h e lf,  
colon ized  any a va ila b le  hard s u b s tra te , g e n e ra lly  o th e r  b iv a lv e s .
F o llo w in g  th e  accum ulation  o f a  basa l la y e r  o f c ap rin id  l im e  w ackes tone , 
in d iv id u a l c ap rin id s  becam e m u tu a lly -s u p p o rt iv e  and succ e ss fu lly  
co lo n ized  po rtio n s  o f the  s h e lf.  B esides  m utua l s u p p o rt, syngenetic  
oem entation  and in te rn a l sed im en ta tio n  and m in o r  o rg a n ic  binding
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by c o ra llin e  a lgae  fu r th e r  strengthened th e  r e e f  fra m e w o rk . T h e  r e e f  
a t P ip e  C re e k  is  a  s e r ie s  o f juxtaposed ta b u la r  cap rin id  re e fs  composed  
o f cap rin id  l im e  boundstone. Ind iv idua l re e fs  a re  often la te r a l ly  
contiguous w ith  lenses  o f cap rin id  l im e  w ackestone and packstone th a t 
w as deposited in  lo w  a re a s  between re e fs .
L a te r a l  and v e r t ic a l  a c c re tio n  o f th e  re e fs  produced lo ca l low  
en erg y  conditions in  the  land w ard  b a c k re e f a r e a .  M il io l id  pelo id  
l im e  w ackestones and c ap rin id  mounds th a t w e re  deposited synchron­
ously  w ith  the  re e fs  a re  c h a ra c te r is tic  b a c k re e f ro c k s . T h e  ubiquitous  
o c currence  o f  m ilio lid s  in  these  sed im ents  m a y  in d ica te  the  presence of 
p r o lif ic  q u an tities  o f codiacean a lgae a n d /o r  m a rin e  g ra s s . L im e  mud  
w as p ro b a b ly  produced th e  d is in te g ra tio n  o f rhodophyte epiphytes o r  
a ra g o n itic  a lg a e . A s  the  ta b u la r  re e fs  a c c re te d , th e  b a c k re e f a re a  becam e  
a  "s ink" fo r  fin e -g ra in e d  sed im ents  because th e  re e fs  acted as a  s e r ie s  
o f h y d rau lic  b a ffle s .
C a p rin id  m ounds developed in  a re a s  w h ere  lim e  mud d e p o s it-  
iona l ra te s  exceeeded ru d is t grow th ra te s .  T h e  in v e rte d  conical 
c ro s s -s e c tio n a l shape o f the  c ir c u la r  m ounds suggests th e  rud is ts  
w e re  g ra d u a lly  sm othered  by lim e  m ud . T h e  m ounds a re  composed  
o f l im e  w ackestone th a t contains recum bent ru d is ts  and a re  w ithout 
su b m arin e  cem ent and o rg a n ic  b in d e rs .
W hen v e r t ic a l  r e e f  a cc re tio n  exceeded basin  subsidence, p o r­
tio n s  o f the r e e f  c re s ts  m ay  have been bored by pholad m o llusks  and 
encrusted  by oy s te rs  in  th e  l i t to r a l  zo n e . A n  a lte rn a tiv e  explanation
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re q u ire s  e u s ta tic  sea  le v e l changes influenced by lo c a l te c to n ism  
to  expose the  r e e f  c re s ts  to  s u b a e ria l d iag en e s is . In th is  c as e , 
th e  r e e f  c re s t w as bored and e n crus ted jduring  re subm ergen ce  „
T h e  p ro p e r  in te rp re ta t io n  m u s t be based on p é tro g ra p h ie  da ta  fro m  
th e  r e e f  fra m e w o rk  underly ing  these  discontinuous bored s u rfa c e s  
to  d e te rm in e  w h eth er d iag en esis  w as accom plished  in  the s u b m arin e  
o r  m e te o ric  w a te r  p h re a t ic /v a d o s e  zo n e s .
D u rin g  the  deve lopm ent o f th e  bored s u r fa c e s , physica l 
ero s io n  o f the  r e e f  c re s t(s ) produced a  supply of co ars e  m o llu s k  sand  
th a t w as rew orked  in to  s m a ll beaches on the  seaw ard  s id e  o f re e fs  
o r  in to  a  la rg e  su b m arin e  b a r  o r  beach com plex  th a t p rograded  no rth ­
w a rd . T h is  sand body c rea te d  m o re  w idespread  low  e n erg y  conditions  
w hich  enabled re q u ie n iid  ru d is ts  to  co lo n ize  the  lagoon a r e a .  T h e  
in fe r re d  lo c a l p a le o c u rre n t d ire c tio n  w as southw est o r  south to  north  
and d if fe rs  fro m  the  re g io n a l p a tte rn  o f no rth e a st to  southw est c u rre n t  
m o v em e n t. S tru c tu re s  w ith in  th e  rocks  o f th e  la rg e  sand body a re  
analagous to  those n o rm a lly  developed w ith in  subm erged  b a rs  and 
beaches . A g a in , p é tro g ra p h ie  c r it e r ia  m u s t be used to  d e te rm in e  i f  
these  sed im ents  w e re  e v e r  exposed s u b a e r ia lly .
Continued s h e lf subsidence a llow ed  ru d is ts  to  re  c o lo n ize  the  
a re a s  o f the  re e fs  w h ere  bored s u rfa ce s  had deve loped . New  re e fs  
becam e a sed im ents  s o u rce  fo r  the  sand body and its  m ig ra t io n  con­
tinued  . C essation  o f r e e f  g row th  discontinued the  supply o f sed im e n t 
to  the  sand body. L im e  w ackestones th a t re p re s e n t the  f in a l phase
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o f deposition  a re  often shaley  and d o lo m it ic . T h e  dolostcnes do no t, 
h o w e v e r, contain  any s ed im e n ta ry  o r  d iag en e tic  s tru c tu re s  d iag n o stic  
o f e ith e r  C re ta ce o u s  o r  H olcene s u p ra t id a l d o lo m ite  sequences. I t  
has been shown th a t the  developm ent o f ta b u la r  c ap rin id  re e fs  g re a t ly  
affected  th e  te x tu r e ,  c om position , and d is tr ib u tio n  o f surround ing  
n o n -re e f  s e d im e n ts . Consequently , one m igh t expect th a t syngenetic  
and e a r ly  e p ig en e tic  d iagenesis  in  r e e f  and n o n -re e f beds w as a ls o  
d iffe r e n t .
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C A P R IN ID  R E E F  F A C IE S  D IA G E N E S IS  
In troduction
M o d e m  c o ra lg a l re e fs  a re  s ite s  o f s im u ltaneous  fra m e w o rk  
c o n struction  and d e s tru c t io n . O rgan ism s co n stru ct (c o r a l,  h y d ro -  
zoans) and bind (c o ra llin e  a lg a e ) the  r e e f  fra m e w o rk  to g e th e r. O th e r  
org a n ism s  (pe lecypods, ech in o id s , b a rn a c le s , sponges, and endo- 
l i th ic  a lg a e ) bore  in to  o r  ra s p  aw ay th e  r e e f  f ra m e  (G o re au  and H a r t­
m a n , 1967; S c h ro e d e r and Z a n k l, 1 9 7 4 ). M a n y  o f these  o rgan ism s  
a r e  capable  o f producing sed im e n t th a t f i l ls  p r im a r y  and secondary  
f ra m e w o rk  vo id s  o r  is  rem o ved  by in tr a - f r a m e w o r k  c irc u la t io n , an  
e ffe c t caused by lo c a l tid e s  and c u r re n ts . A c ic u la r  and m ic r i t ic  
a rag o n ite  and m agnesian  c a lc ite  cem ents a re  often p re c ip ita te d  in  
in tra -a n d  in te r -s k e le ta l  vo ids; l i th ify  in te rn a l sed im en t; and fu r th e r  
s tren g then  th e  r e e f  fra m e w o rk  (S c h ro e d e r , 1 9 7 2 ).
Because o f re c e n t s tud ies  th a t docum ent contem poraneous sub­
m a rin e  b o rin g , in te rn a l s ed im e n ta tio n , and cem enta tion  in  Holocene  
c o ra lg a l re e fs ,  th e  evo lu tion  o f C re taceous  ru d is t re e fs  m u st be 
exam ined m o re  c lo s e ly  to  d e te rm in e  i f  s im i la r  processes  a ffected  
themn durin g  g ro w th . L am in a ted  s ed im e n t th a t re s e m b le s  in te rn a l  
sed im ents  in  m odern  re e fs  f i l ls  in te rs t ic e s  in  ru d is t re e fs  th a t a re  
a  p a r t o f th e  E d w a rd s -S tu a r t C ity  r e e f  tre n d  in  south T e x a s  (B ebout,
1 9 7 4 ). S h inn  e t a l .  (1974 ) desc rib ed  s im i la r  fe a tu re s  fro m  subsurface  
C re taceo u s  ru d is t re e fs  in  south T e x a s  and fro m  outcropping re e fs  
in  n o rth e rn  M e x ic o . In  both cas es , the  in te rn a l sed im ents  w e re
63
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re p o rte d ly  associa ted  w ith  contiguous a c ic u la r  s p a r r y  c a lc ite  cem ents  
th a t l im e  p r im a r y  fra m e w o rk  c a v itie s  and a re  in te rc a la te d  w ith  la y e rs  
o f in te rn a l s ed im e n t.
B e in  (1976 ) and Aguayo (1976 ) concluded th a t s u b m arin e  
c e m e n ta tio n , o rg a n ic  b o rin g , and in te rn a l sed im enta tion  w e re  contem p­
oraneous w ith  ru d is t fra m e w o rk  a c c re t io n  in  C re taceous  fr in g in g  
re e fs  f ro m  Is r a e l  and the  E l A b ra  ru d is t re e f  com plex  o f M e x ic o  
re s p e c tiv e ly . A lthough s im i la r  d iag en e tic  fe a tu re s  have been noted  
in  the  P ip e  C re e k  re e  co m p le x , th e ir  o r ig in  has been a ttr ib u te d  to  
vadose d iag enesis  th a t w as th e  re s u lt o f r e e f  em ergence  (P e rk in s , 1 97 4 ). 
C u rs o ry  inspection  o f the  m a te r ia l  fro m  P ip e  C re e k  re ve a le d  th a t  
c lion id  sponge b o rin g s , p e lo id a l in te rn a l s e d im e n ts , and fib ro u s  s p a r ry  
c a lc ite s  a re  p re s e n t. S p u r r  (1975 ) noted th a t pe lo ids  and c a lc a re o u s  
s i l t  produced by en d o lith ic  c lion id  sponges m a y  be m is tak en  fo r  p e lle t  
and c ry s ta l s il ts  th a t a re  thought to  re p re s e n t m e te o ric  vadose d iag en e s is . 
T h e r e fo r e ,  i t  is  im p o rta n t to  d e sc rib e  c a re fu lly  the  te x tu re s  o f syn­
g en etic  cem ents  and sed im ents  w ith in  the  P ip e  C re e k  ta b u la r  r e e f  
fra m e w o rk  to  d e te rm in e  i f  m ost e a r ly  d iag enesis  oc cu rre d  in  the  sub­
m a rin e  p h re a t ic  o r  m e te o ric  vadose e n v iro n m e n t.
A lthough the  re e fs  a re  now com posed o f c a lc ite  and the  non­
r e e f  ro c ks  a re  composed o f c a lc ite  and p ro to d o lo m ite , both ro c k  types  
contain  o rg a n ism s  th a t w e re  o r ig in a lly  a rag o n ite  (c a p r in id ) , c a lc ite  
(o y s te r) ,  and m agnesian  c a lc ite  (rhodophytes and m ilio lid s )  (T a b le  3 ) .  
M in é ra lo g ie  changes through tim e  w e re  undoubtedly accom plished  by
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
G R A IN  T Y P E
C a p rtn ld a e
R e q u te n lid ae
O s tre a  s p .
In o c e ra m u s  s p .
G astro p o d a
C h lo ro p h y ta
R hodophyta
E c ln o d e rm a ta
O s t r a c o d a
F o ra m in lfe r s
IN F E R R E D
O R IG IN A L
M IN E R A L O G Y
A ra g o n ite
A ra g o n ite  +  C a lc ite  
A ra g o n ite  +  C a lc ite  
A ra g o n ite  +  C a lc ite
O R IG IN A L
S H E L L  S T R U C T U R E
L a m e l la r  
L a m e l la r  (A )  and 
p r is m a t ic  (C )  
Com pound fo i l  o s e /  
la m e l la r  
L a m e l la r  (A ) and 
p r is m a t ic  (C )
C a lc ite  o r  A ra g o n ite  C o m p le x , p r is m a t ic .
o r  both
A ra g o n ite
la m e l la r ,  c r o s s -  
la m e l la r ,  o r  fo llo s e
M lc r o n -s lz e d  need les
M a g n e s ia n  c a lc ite  C o m p le x  n e tw o rk  o f 
(1 0 -2 1  m ole%  M g C O g ) m lc ro n -s lz e d  c ry s ta ls
M a g n e s ia n  c a lc ite  M o n o c ry s ta llln e  
(1 0 -3 0  m ole%  M g C O g )
C a lc ite  P r is m a t ic
M a g n e s ia n  c a lc ite  M lc r o n -s lz e d  eouant 
( 0 -2 4  m ole%  M g C O g ) to  p r is m a t ic  c ry s ta ls
P R E S E N T
S H E L L  S T R U C T U R E  
R e c ry s ta ll lz e d
L a m e l la r  la y e r  r e c r y s ta l l lz e d .  
P r is m a t ic  la y e r  u n a lte re d ,  
F o l lo s e / la m e l la r
R e c ry s ta ll lz e d  o r  leached  
la m e l la r ,  u n a lte re d  p r is m a t ic .
C a lc ite  la y e rs  u n a lte re d , a ra g o n ite  
la y e rs  r e c r y s ta l l lz e d  o r  re p la c e d  
by s p a r r y  c a lc ite  c e m e n t.
S p a r r y  c a lc ite
M lc r o n -s lz e d  c a lc ite  c ry s ta ls
M o n o c ry s ta llln e
P r is m a t ic
M lc r o n -s lz e d  equant o r  p r is m a t ic  
c ry s ta ls
T a b le  3 .  In fe r re d  o r ig in a l and p re s e n t-d a y  m in e ra lo g y  o f s e le c ted  C re ta c e o u s  o rg a n ism s  Indigenous to  
P ip e  C re e k  r o c k s . A l l  s ke le to n s  a r e  p re s e n tly  c a lc ite .  In fo rm a tio n  fr o m  C have  (1 9 5 4 ), Johnson (1 9 7 1 ),  
M a je w s k e  (1 9 6 9 ), M l l l lm a n  (1 9 7 4 ), and P e rk in s  (1 9 6 9 ).
T R A C E  E L E M E N T  
M g  Ma S r
E N V IR O N M E N T
H igh  H igh  L o w  (m a g . c a lc ite )  H y p e rs a lin e  to  n o rm a l
H igh  (a ra g o n ite ) m a r in e ,  b e a c h ro c k , seb h k a ,
s u b m erged  r e e fs ,  e tc .
Low H ig h  Low
Low  L o w - Low  
M o d .
Low  Low  
Low  Low
M a in ly  connate s u b su rfac e  
w a te r s .
M e te o r ic  p h re a t ic ,  deep  
s u b s u rfa c e , m e te o r ic -  
connate m ixe d  w a te r s .
M e te o r ic  v ad o s e , c a lic h e ,  
s tre a m s  and la k e s . 
S tr e a m s , la k e s , c a lic h e s .
C R Y S T A L  H A B IT
S te ep  rh o m b s  o f M g -c a lc ite  w ith  
v e r t ic a l ly -o r ie n te d  flu t in g s . F ib e rs  
o f M g -c a lc ite  and a ra g o n ite  g ro w  
ra p id ly  in  the  c -d ir e c f io n , s lo w e r  
la te r a l  g ro w th  a ttr ib u te d  to  s e le c t iv e  
M g -p o is o n in g . C ry s ta ls  l im ite d  in  
w id th  to  a  fe w  m ic ro n s .
C o m p le x  p o ly h ed ra  and an h ed ra  o f  
c a lc ite .  L a c k  o f M g  a llo w s  unham ­
p e red  g ro w th  and equant h a b it. 
C o m p le x  p o ly h ed ra  and an h ed ra  o f  
c a lc ite . L a c k  o f M g  re s u lts  in  
equant c ry s ta ls  (o fte n ) th a t m a y  be 
v e r y  c o a rs e  c r y s ta ll in e .
S im p le  u n it rh o m b o h e d ra  o f c a lc ite ,
C a lc ite  m ic r i t e .  A ls o , c a lc ite  
sheets  o r  hexagonal c ry s ta ls  w ith  
b asal p in a c o id s . S h e e t s tru c tu re  
on edges v is ib le  because o f ra p id  
la te r a l  g ro w th .
T a b le  4 ,  Ion s tre n g th , e n v iro n m e n t, and re s u lta n t carb o n a te  cem e n t m o rp h o lo g y . 
(A dap ted  fr o m  F o lk ,  197 4 )
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po re  w a te rs  w ith  c h em ic a l c h a ra c te r is tic s  th a t w e re  d iffe re n t than the  
o r ig in a l m a rin e  in te r s t it ia l  w a te r .  T a b le  4  is  a  s u m m a ry  o f c a lcareo u s  
cem ent m orphology and tra c e  e le m e n t com position  re la te d  to  w a te r  
c h e m is try . G e n e ra lly , s u b m arin e  cem ents  a re  composed o f a ra g ­
on ite  o r  m agnesian  c a lc ite , conta in  high am ounts o f S r ,  M g , and N a ,  
and have a  f ib ro u s  o r  equant h a b it. C o n v e rs e ly , fre s h  w a te r  cem ents  
a re  c a lc ite , contain  r a th e r  lo w  S r ,  M g , and N a , and a re  equant.
U s u a lly  m o re  than  one g enera tion  o f c a lcareo u s  cem ent m a y  occupy  
a  p o re  s p ac e , evidence th a t the  c h e m ic a l com position  o f th e  in te r ­
s t i t ia l  w a te r  has changed through t im e . C a re fu l us o f carbonate  
s k e le ta l and cem ent te x tu re s , cem ent m o rp h o lo g y , and c a lc ite  tra c e  
e le m e n t c h e m is try  is  c ru c ia l to  th e  p ro p e r in te rp re ta t io n  o f the  
pa rag e n e sis  o f th e  rocks  a t P ip e  C re e k .
S yngenetic  D ia g en e s is  -  R e e f
F ra m e w o rk  B oring
T h e  developm ent o f ru d is t r e e f  fra m e w o rk  has been d is ­
cussed in  th e  preceed ing  s e c tio n . P r im a r y  fra m e w o rk  voids  w e re  
fo rm e d  betw een liv in g  c a p r in id s . F ra m e w o rk  degrada tion  by o rg a n ic  
d e gradation  w as contem poraneous w ith  fra m e w o rk  a c c re t io n . D is ­
continuous m ic r i te  r im s  th a t s u rround  c a p rin id  ske letons and lin e  
p a ll ia i  canals  a re  o v e rla in  by s p a r r y  c a lc ite  cem ent (F ig .  3 6 ) .  Such  
m ic r i te  r im s  a r e  com m on in  an c ien t carbonate  rocks  (B a th u rs t, 1 9 6 6 ). 
A ra g o n itic  o r  m agnesian  c a lc ite  r im s  a re  com m on in  m odern  c a r ­
bonate s ed im en ts  (W in la n d , 1 9 6 8 ).
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F ig u re  3 6 . P h o to m ic ro g rap h  showing a  w e ll-d e v e lo p e d  m ic r ite  
r im  around a  c a p rin id  p a llia i c an a l. Note the  geopetal f i l l in g  o f 
the  c an a l. P e lo id a l m ic r ite  is  o v e rla in  by equant s p a r r y  c a lc ite .  
B a r  sca le  is  200 m ic ro n s .
F ig u re  3 7 . P ho to m icro g rap h  showing a  s e r ie s  o f c lion id  borings  
th a t tra n s e c t a  c a p rin id  s h e ll in  the re e f  fra m e w o rk  a t P ip e  C re e k .  
L a y e rs  o f m ic r i t ic  and fib ro u s  cem ent (c ) occupy th e  fra m e w o rk  
cav ity  next to  the  c ap rin id  (R ) . B a r  s ca le  is  1 c m .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
B a th u rs t (1 9 66 ) a ttr ib u te s  the  o r ig in  o f these  r im s  to  o rg an ic  
boring  and s k e le ta l degrada tion  by e n d o lith ic  a lgae  and fu n g i. Inten­
s iv e  boring  produces an anastom osing n e tw ork  o f tubu les  th a t pene­
t r a te  th e  o u te r m a rg in  o f th e  g r a in .  Fo llo w in g  th e  death o f th e  b o re r , 
th e  tubu les  a re  f i l le d  by lim e  m u d , producing a  m ic r i te  r im .  T h e  
e xa c t p rocess  fcy w hich th e  l im e  mud is  in troduced in to  the  vacated  
borings  is  unknown (B a th u rs t, 1 97 1 ). L loyd  (1 9 6 9 ), h o w e ve r, showed 
th a t the  carbon isotope values  o f H olocene m ic r ite  r im s  in  the  Baham as  
c lo s e ly  app ro xim a te s  those com m on to  m o st ge n era  o f c h lo ro p h ytes . 
T h e r e fo r e ,  a lg a l photosynthesis is  p robab ly  an im p o rta n t fa c to r  in  the  
d evelopm ent o f m ic r i te  r im s  in  s ha llow  w a te r  carbonate  sequences.
B esides  the  in d ire c t  evidence fo r  s k e le ta l f r a  m e w o rk  boring by  
a lg a e  and fu n g i, o th e r , m o re  reco g n ize ab le  borings a re  p re se n t th a t 
show  th a t boring  and r e e f  a c c re tio n  w e re  contem poraneous. T h e  s iz e  and 
shape o f these  borings a re  v a r ia b le  but th e  fe a tu re s  a re  g e n e ra lly  s u b - 
s p h e ric a l to  ovoid (F ig .  3 7 ) .  B ound aries  between th e  borings and the  
f ra m e w o rk  a re  sh arp  and w e ll-d e fin e d , g e n e ra lly  having a  c h a ra c te r­
is t ic  c e r ra te  o r  sca llop ed  m orphology (F ig .  3 8 ) .  T h e se  borings not 
o n ly  oc cu r w ith in  in v e r te b ra te  fra m e w o rk  ske letons but a lso  w ith in  
in te rn a l sed im ents  w h ere  the  sca llop ed  m a rg in s  o f th e  borings a re  
p a r t ly  obscured but, n e v e rth e le s s , p re se n t (F ig .  3 9 ) .  In  som e  
s a m p le s , sed im ent f i l le d  borings a re  tra n s ec te d  by o th e r bo rin g s .
In  the  case o f these  superim posed borings the  f i r s t  boring  w as fi l le d  
w ith  sed im ent; the sed im ent w as cem ented in  the  m a rin e  environm ent; 
and th e  s e d im e n t-f il le d  boring  w as re -b o re d  (F ig ,  4 0 ) .  T h e  o c currence
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F ig u re  38  e P hotom icrograph o f a c lion id  boring  in  the  cap rin id  
r e e f  f ra m e  showing the c h a ra c te r is tic  c e r ra te  o r  scalloped m a rg in  
o f the  boring  « B a r  sca le  is  500 m ic ro n s .
F ig u re  3 9 .  P hotom icro graph o f a  c lion id  boring  th a t tra n s ec ts  the  
in te rn a l sed im ent of a  p r im a ry  fra m e w o rk  c av ity  a t P ipe  C re e k .  
G a lle ry  is  f i l le d  w ith  in te rn a l s ed im e n t, p e lo id s , and s p a rry  c a lc ite  
c e m e n t. B a r  sca le  is  500 m ic ro n s .
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F ig u re  4 0 . P ho tom icro graph  of superim posed c lion id  bo rin g s .
B oring  A  was f i l le d  w ith  sed im ent th a t was cem ented , then r e ­
b o re d . B oring  B obviously  tra n s ec ts  boring A  and the  s ed im e n t.
Note the sca lloped  m a rg in s  o f each b o rin g . B a r  s c a le  is  250 m ic ro n s .  
C re ta ce o u s , P ip e  C re e k .
F ig u re  41 . P ho tom icro graph  o f c lionid  borings in  Holocene  
s c le ra c tin ia n  re e f  fra m e w o rk . D is co v e ry  B a y , J a m a ic a . Borings  
a re  f i l le d  w ith  in te rn a l s ed im e n t. C om pare  the c e r ra te  m a rg in s  
o f the  borings w ith  the  C retaceous exam ples  shown by F ig u re s  
4 1 -4 3 . B a r  s c a le  is  250  m ic ro n s . T h in  section  co u rte sy  o f  
C lyde H . M o o re  J r .
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o f borings th a t tra n s e c t in te rn a l s ed im ents  and o th e r borings a re  
an ind ica tio n  th a t fra m e w o rk  a c c re t io n , b o rin g , cem en ta tio n , and 
in te rn a l s ed im enta tion  w e re  con tem poraneous.
T h e  m orphology o f  o f th e  excavations fo rm e d  by C re taceo u s  
o rg a n is m s , includ ing  sponges, w as d e sc rib ed  by P e rk in s  (1971 )
(F ig  . 4 1 ) .  E xa m in a tio n  o f Holocene c o ra lg a l r e e f  fra m e w o rk  fro m  
J a m a ic a  re v e a ls  m o d e m  c lio n id  sponge g a lle r ie s  a re  id e n tic a l to  those  
w ith in  th e  c ap rin id  r e e f  fra m e w o rk  a t P ip e  C re e k  (F ig .  4 2 ) .  M a n y  
sponges evo lved  du rin g  th e  P a le o z o ic  (R ie s w ig , 1 97 1 ). A lthough  
R iesw ig  d id  not s p e c ific a lly  m ention  c lion id  sponges, Fenton and 
Fenton (1 9 32 ) d escrib ed  c lio n id -ty p e  borings in  m o llu sk  fra g m en ts  
fro m  the  D evonian  o f  Io w a . T h e  e a r l ie s t  p o s itive  evidence o f these  
sponges is  fro m  the  M is s is s ip p i an o f O klahom a w h ere  sponge borings  
and s i l t  a re  associa ted  w ith  a lg a l m ounds (B onen , 1 9 7 5 ).
Inves tig atio n s  by G oreau  and H a rtm a n  (1963) and S p u r r  (1975 )  
in d ica te  c lio n id  sponges a lt e r  a  s ig n ific a n t vo lu m e o f the  m odern  c o r­
a lg a l r e e f  fra m e w o rk  in  J a m a ic a  and produce pe lo ids  and ca lc are o u s  
s i l t  du rin g  b o rin g . R u tz le r  and R ie g e r  (1 9 7 3 ), F u t te r e r  (1 9 7 4 ), and 
M o o re e t a l .  (1976 ) have d e sc rib ed  ca lc are o u s  s i l t  produced by these  
sponges. T h e  s i l t ,  20 to  80 j jm  in  d ia m e te r ,  has a  c h a ra c te r is t ic  
s e m i- t r ia n g u la r  shape . One face  o f th e  sponge chip is  convex outw ard  
w h e re a s  the  o th e r fa c es  a re  s lig h t ly  concave. T h is  m orpho logy is  the  
re s u lt o f the  m a n n er in  w hich the  sponge excavates  the  su b stra te  
(R u tz le r  and R ie g e r  ,  1 9 7 3 ). C lio n id  s i l t  and pe lo ids have been
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
F ig u re  4 2 .  P ho tom icro graph  o f a  c lion id  g a lle ry  th a t is  f i l le d  w ith  
in te rn a l s ed im e n t th a t contains a  c lion id  sponge chip ( c ) . Holocene  
D is c o v e ry  B a y , J a m a ic a . B a r  s ca le  is  250 m ic ro n s . T h in  sec tion  
c o u rte sy  o f C lyd e  H . M o o re  J r .
F ig u re  4 3 .  P h o tom icro graph  o f in te rn a l sed im e n t th a t contains  
m o llu sk  and echinoid d e b ris  and a  sponge chip (c ) .  C re ta ce o u s , 
P ip e  C re e k  ta b u la r  r e e f .  B a r  s ca le  is  250 m ic ro n s .
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recognized  as im p o rta n t constituen ts o f in te rn a l sed im ents  o f  
J am a ica n  re e fs  (S p u r r ,  1 9 7 5 ), B orings by c lion ids  in  ru d is t re e fs  
necessita tes  having th e  p resence  o f the  c h a ra c te r is tic  faceted  c lio n id -  
produced s i l t  and pe lo ids  in  th e  contem poraneous in te rn a l s ed im e n t. 
In te rn a l S ed im en ta tio n
P r im a r y  c ap rin id  r e e f  fra m e w o rk  c a v itie s  th a t fo rm e d  during  
r e e f  a cc re tio n  a re  f i l le d  w ith  lam in a te d  to  m a ss ive  p e lo id a l a n d /o r  
c o a rs e -  to  f in e -g ra in e d  fo s s ilife ro u s  lim e  w ackestone to  packstone. 
C a p r in id , re q u ie n iid , and gastropod m a n tle  c a v itie s  and c lion id  borings  
a r e  a ls o  fi l le d  w ith  these s ed im e n ts . A llo ch em s  in  these  c a v ity -  
f i l l in g  sed im ents  include p e lo id s , a n g u la r c a lc ite  s i l t ,  m o llu sk  fra g m en ts  
and m o ld s , a r t ic u la te  and d is a r tic u la te  os tra co d e s , and fo r a m in ife r s . 
S u b -s p h e ric a l to  ova l c o res  a re  a ls o  com m on (F ig .  4 3 ) .  T h e  p redom ­
inan t a llochem s in  th e  in te rn a l sed im ent a re  pe lo ids  th a t have a  b i -  
m odal s iz e  d is tr ib u tio n  : 18  to  52 jum and 70 to  300  jum . W hen pelo id  
la y e rs  a re  la m in a te d , pelo id  s iz e  g e n e ra lly  de cre as e s  up w a rd , p ro ­
ducing a  graded appearance to  the la m in a e . M o s t pe lo ids  a re  m u tu a lly -  
supportive  and g e n e ra lly  encrusted  w ith  equant (P .E g C )  o r  fib ro u s  
( P . FgC ) s p a r ry  c a lc ite  cem ent ( F ig . 44 and 4 5 ) .
P e lo id  la y e rs  a re  often  trunca ted  by an ov erly in g  pe lo id  la y e r  
( F ig .  4 6 ) , fo s s ilife ro u s  l im e  w ackestone to  packstone, o r  ir r e g u la r  
la y e rs  o f m ic r ite  and fib ro u s  (P .F g C )  s p a r ry  c a lc ite  cem ent (F ig .  4 7 ) .  
T h e se  re la tio n s h ip s  im p ly  th a t the deposition  o f pelo ids  in  fra m e w o rk  
c a v itie s  was often in te rru p te d  by in flu xes  o f fo s s ilife ro u s  sed im ent
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F ig u re  4 4 . P ho tom icro graph o f a  pelo id  in  in te rn a l sed im en t 
surrounded by equant s p a r ry  c a lc ite . C retaceous P ip e  C re e k  
ta b u la r  r e e f .  B a r  sca le  is  50 m ic ro n s .
F ig u re  4 5 . S E M  photom icrograph showing a  pelo id w ith in  the  
in te rn a l sed im ent o f the  P ip e  C re e k  r e e f  surrounded by a la y e r  
o f fib ro u s  s p a r ry  c a lc ite . B a r  sca le  is  50  m ic ro n s .
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F ig u re  4 6 .  P ho tom icro graph  o f lay e red  p e lo id a l in te rn a l sed im ent 
w ith in  a  c e m e n t-lin e d  p r im a r y  fra m e w o rk  c a v ity  o f the  P ip e  C re e k  
r e e f .  B a r  s c a le  is  250 m ic ro n s .
F ig u re  4 7 .  P ho tom icro graph  o f la y e re d  p e lo id a l sed im e n t and 
fib ro u s  cem ent (m agnesian  c a lc ite? ) w ith in  a  p r im a ry  fra m e w o rk  
c av ity  o f the  Holocene re e f  a t D is co v e ry  B a y , Jam aica»  C om pare  
these  la y e rs  and pe lo ids  to  those shown by F ig u re  49  « B a r  sca le  
is  250 m icronso  T h in  section  courtesy  o f C ly d e  H , M o o re  J r .
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d e riv e d  fro m  a d jacen t c a v itie s  c r  fro m  outside th e  c ap rin id  fra m e w o rk . 
F ib ro u s  cem ent la y e rs  th a t in te rc a la te  w ith  la y e rs  o f c a v ity -f i l lin g  
s ed im e n t and fib ro u s  cem ent th a t coat pe lo ids  and s k e le ta l d e b ris  show  
th a t p e riod s  o f cem enta tion  in  th e  m a rin e  e n v iro n m e n t a lte rn a te d  w ith  
p e rio d s  o f s e d im e n ta tio n . T h e s e  o bservations a re  s im i la r  to  those  
re p o rte d  by s tud ies  o f c a v itie s  w ith in  m odern  c o ra lg a l r e e f  fra m e w o rk .
S ed im e n ts  w ith in  the  fra m e w o rk  o f B e rm u d a  a lg a l cup re e fs  a re  
de sc rib ed  as fin e  to  c o a rs e -g ra in e d , p e lo id a l to  fo s s ilife ro u s  deposits  
th a t a r e  often s o rte d  w ith in  in d iv id u a l c a v itie s  (G in s b u rg  e t a l . ,  1 9 7 1 ). 
J am a ica n  re e fs  com m only  contain  p r im a r y  and s eco n d ary  c a v itie s  th a t 
a re  in fil le d  by lam in a te d  to  m a s s iv e , lith if ie d  m agnes ian  c a lc ite - r ic h  
p e lle ted  m ic r i te  th a t contains a  m in o r  am oun o f  ara g o n ite  (Land  and 
G o re a u , 1970; S p u r r ,  1975) (F ig .  4 7 ) . O th e r la y e rs  th a t contain  c a l­
careous  s i l t ,  m o llu s k  fra g m e n ts , o s tra co d e s , and fo r a m in ife r s  a re  
a ssocia ted  w ith  p e lo id a l la y e rs  in  J a m a ic a  ( F ig . 4 8 ) and B e rm uda  
(G insburg  e t a l . ,  1 9 7 1 ).
D u rin g  la b o ra to ry  e x p e rim e n ts  using c lio n id  sponges S p u r r  
(1 9 75 ) d isc o v ere d  th a t , in  add ition  to  ca lc are o u s  s i l t ,  these  o rg an ism s  
a ls o  produced loosely -bound aggregates  o f p e lle te d  m ic r i t e . T h e  shape  
of in d iv id u a l pe lo ids  v a r ie d  fro m  ir r e g u la r  a g g lo m era te s  to  d is c re te  
o val to  s u b sp h erica l p a r t ic le s .  S in c e  the s iz e  o f th e s e  p a r tic le s  is  
id e n tic a l to  th e  s iz e  o f pe lo ids  in  th e  in te rn a l s ed im e n t o f the  J a m a ic a  
r e e fs ,  S p u r r  concluded th a t c lion ids  w e re  a  m a jo r  c o n tr ib u to r  o f pe lo ids  
to  the  in te rn a l s e d im e n t. A  s h o r t - te r m  e x p e rim e n t using 4 species
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F ig u re  4 8 .  P hotom icro graph o f in te rn a l sed im ent contain ing a  
clio n id  sponge chip (c ) .  Holocene s c le ra c tin ia n  r e e f .  D is c o v e ry  
B a y , J a m a ic a . B a r sca le  is  100 m ic ro n s . T h in  section  c o u rte sy  
o f C lyde  H . M o o re  J r .
F ig u re  4 9 .  P ho tom icro graph  o f a  c lion id  sponge chip in  in te rn a l  
s e d im e n t. C re ta ce o u s , P ip e  C re e k  ta b u la r  caprin id  r e e f .  Note  
th e  s im i la r i ty  o f the  sponge chip to  the  Holocene chip shown by  
F ig u re  4 8 .  B a r  sca le  is  100 m ic ro n s .
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o f P a c if ic  c lion id  sponges was conducted by C .H .  M o o re  J r .  and 
the  w r i t e r .  T h is  e x p e r im e n t, conducted a t E new etak  A to ll ,  y ie lded  
c o m parab le  re s u lts . T h e  e x p e rim e n t was ended p re m a tu re ly  by a  
typhoon p r io r  to  photographic  docum entatio n .
A  c om parison  o f pe lo id  s iz e  fro m  C re ta ce o u s  c ap rin id  and 
m o d e m  s c le ra c tin ia n  re e fs  (T a b le  5) seem s to  suggest th a t m ost o f the  
C re taceous  p e lo ids  m a y  have been produced by c lio n id s . Note tha t m ost 
o f the  sed im ents  w ith in  the  fra m e w o rk  a re  produced in te rn a lly  and do 
not re q u ire  tra n s p o r t  from  outside the  r e e f  fra m e w o rk  in to  th e  in te r io r .  
H o w e v e r, the  c o a rs e r  la y e rs  o f m o llu sk  lim e  packstone w e re  probably  
sw ept in to  som e p r im a r y  c a v itie s  by m a rin e  c u r re n ts , p ossib ly  t id a l .
C a lca reo u s  s i l t  is  com m on to  C re ta ce o u s  in te rn a l s ed im e n ts . 
T h e se  s e d im e n ta ry  p a r tic le s  have a shape th a t re s e m b le s  s i l t  chips  
produced fcy sponges ( F ig .  4 9 ) .  T h e  d ia m e te r  o f the  convex s ide  o f 
these  s i l t  chips is  c o m p arab le  to  the  d ia m e te r  o f  in d iv id u a l c e rra e  
on the  m a rg in  o f c lio n id  g a lle r ie s ,  c o n firm in g  the  sponge o r ig in  o f the  
s i l t .  R eco gn izeab le  c lio n id  s i l t  is  not a  m a jo r  constituen t o f C retaceous  
in te rn a l sed im ents  but s m a ll pores  th a t have com p ara b le  s iz e  and 
shape a re  com m on (F ig .  5 0 ) . M o s t o f th e  c lio n id  borings o ccu r w ittân  
r e e f  fra m e w o rk  c a p r in id s , o r ig in a lly  a rag o n ite  (T a b le  3 ) .  In troduction  
o f fre s h  w a te r  d u rin g  ep ig en etic  d iagenesis  no doubt d isso lved  the  
sponge chips and produced the  p o re s . C lio n id  s i l t  is  m ost com m on in  
sam ples  fro m  c a p rin id  m ounds. Because o y s te rs  and re q u ie n iid s , 
o r ig in a lly  c a lc ite  (T a b le  3 ) ,  a re  m o re  p re v a le n t in  th e  m ounds, one
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P E L O I D !  
S hape
M IN E R A L O G Y  O R  
IN F E R R E D  M IN ­
E R A L O G Y  ________
O C C U R R E N C E R E F E R E N C E
I r r e g u la r  a g g lo m e ra te s , 
e ll is o id a l to  s p h e r ic a l
I r r e g u la r  a g g lo m e ra te s , 
e llip s o id a l to  s p h e r ic a l
M a g n e s ia n  c a lc ite  
p lus  a ra g o n ite
1 4 -4 5  um  M a g n e s ia n  c a lc ite  
p lus  a ra g o n ite
S p h e r ic a l to  e ll ip s o id a l N . R .
% »herical to  e ll ip s o id a l
L a b o ra to ry  e x p e r im e n t , 
produced by C a rib b e a n  
c lio n id  sponges.
W ith in  the c o ra lg a l r e e f  
f ra m e w o rk  as in te rn a l 
s e d im e n t (J a m a ic a ) .
M a g n e s ia n  c a lo tte  W ith in  the c o ra lg a l r e e f  
( 1 8 .5  m o le  % M g C O g  fra m e w o rk  as in te rn a l 
s e d im e n t (J a m a ic a ) .
M a g n e s ia n  c a lc ite  
p lus  a rag o n ite
L a b o ra to ry  e x p e r im e n t ,  
produced by P a c if ic  
c lio n id  sponges.
S p u r r  (1 9 75 )
S p u r r  (1 9 75 )
Land and G o reau  
(1 9 7 0 )
T h is  d is s e r ta tio n
S p h e r ic a l to  oval In te rn a l s e d im e n ts  o f  
a lg a l cup re e fs  
(B e rm u d a ) • G ln s b u rg , e t .  a l .  
(1 9 71 )
S p h e r ic a l to  e ll ip s o id a l 1 8 -5 2  um  M a g n e s ia n  c a lc ite  
p lus  a ra g o n ite
In te rn a l s e d im e n t o f 
P ip e  C re e k  ru d is t r e e f  
f r a m e w o r k . T h is  d is s e r ta tio n
T a b le  5 .  C o m p a ris o n  o f p h y s ic a l c h a ra c te r is t ic s  and the  o c c u rre n c e  o f 
R ecen t pe lo id s  a sso c ia ted  w ith  s c le ra c t in ia n  r e e f  fra m e w o rk s  
and c lio n id  sponges and pe lo id s  Indigenous to  ru d is t fra m e w o rk s .
•F igure  5 0 .  P ho tom icrograph o f vugs (v ) in  in te rn a l sed im ent w ith in  
the  c ap rin id  r e e f  fra m e w o rk  th a t m ay re p re s e n t d issolved sponge 
c h ip s . B a r  sca le  is  100 m ic ro n s .
F ig u re  51 . P ho tom icro graph  showing the  re la tio n s h ip  o f subm arine  
fib ro u s  cem ent la y e rs  w ith in  a  p r im a ry  fra m e w o rk  c av ity  a t P ipe  
C re e k , L o w e rm o s t fib ro u s  cem ents o v e r lie  m ic r ite  th a t w as cem ented  
p r io r  to  fib ro u s  c em enta tion . In te rn a l sed im enta tion  re ta rd e d  the  
cem ent g row th  in  the  bottom o f the c a v itie s . Note th a t the  cem ent 
f ib e rs  a t the  s id e s  o f the  cav ity  a re  not as ’’d ir ty "  as those on the  
f lo o r  o f the  c a v ity . B a r  sca le  is  500 m ic ro n s .
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m u s t suspect th a t m o re  c lio n id  s i l t  in  the  m ounds w as c a lc ite  and 
le s s  su scep tib le  to  fre s h  w a te r  d is s o lu tio n . A  s im i la r  o c cu rre n c e  
w as re p o rte d  by S p u r r  (1 9 75 ) fo r  J am a ica n  P le is to ce n e  Epoch r e e f  
s ed im e n ts . In  th is  case a rag o n ite  s i l t  w as d isso lved  w h ere a s  th e  
c a lc ite  s i l t  had n o t.
T h e  p receed ing  d iscussion  in d ica te s  th a t o rg a n ic  boring  and the  
p roduction  o f in te rn a l sed im e n t w e re  contem poraneous w ith  c ap rin id  
r e e f  fra m e w o rk  a c c re t io n . A s  w i l l  be shown in  th e  n ext s e c tio n , 
s u b m arin e  cem enta tion  accom panied  these  p ro c e s s e s .
S yn g e n e tic  C em entatio n
M u lt ip le  genera tions  o f isopachous fib ro u s  (P .F ^ C )  s p a r r y  
c a lc ite  c e m e n t, s ep a rated  by 2  to  5  jjm  th ic k  la y e rs  o f m ic r i t e ,  l in e  
m o s t fra m e w o rk  v o id s . T h e  cem ent nucleated on th e  m ic r i te  r im s  th a t 
coat s k e le ta l fra m e w o rk  and o th e r a llo c h e m s , in te rn a l s ed im e n t la y e r s ,  
and pe lo ids  (P ig .  5 1 ) .  In d iv id u a l c ry s ta ls ,  10 to  15 j jm  w ide  and 
100 to  150 jum lo n g , a re  o rien ted  n o rm a l to  the  nuc léa tion  s u rfa c e  
(F ig .  5 2 ) .  T h e  th in  m ic r ite  la y e r  th a t s ep a ra tes  gen era tio n s  o f fib ro u s  
c a lc ite  m a y  re p re s e n t boring  o f the  cem ent by e n d o lith ic  a lgae  and 
fung i d u rin g  p e rio d s  o f n o n -c e m e n ta tio n , a  com m on o c cu rre n c e  in  
m o d e m  re e fs  (S c h ro e d e r and Z a n k l,  1 9 7 4 ). A t  the  base o f  fra m e w o rk  
c a v itie s  th is  cem ent g rades in to  a  th in n e r  la y e r  o f fib re  us s p a r ry  
c a lc ite  cem ent ( P .F g C ) .  T h is  c em ent is  clouded w ith  in c lu s io n s , 
fo rm s  la y e rs  20 to  80 >jm th ic k , and has p la n a r te rm in a t io n s . W lien
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tra c e d  to  th e  s ide  o f vo ids  i t  is  obvious th a t in d iv id u a l la y e rs  o f 
fib ro u s  cem ent on the  f lo o r  o f v o id s  is  e qu iva len t to  one la y e r  
o f f ib ro u s  cem ent on the s id e  o f th e  c a v i ty (F ig .  5 3 ) . M u ltip le  la y e rs  
o f P .F g C  a r e  not im m e d ia te ly  juxtaposed but a re  separated  by in te rn a l 
sed im e n t œ  a  la y e r  o f m ic r i t e .  L a c k  o f in te rn a l sed im ents  on th e  s ides  
o f c a v itie s  a llow ed cem ent nucleated on these  s u rfa ce s  to  g ro w  consid­
e ra b ly  th ic k e r  than th e ir  c o u n te rp arts  on the  c av ity  f lo o r .  T h e  sed im e n t 
betw een cem ent la y e rs  in  the  bottom  o f c a v itie s  us u a lly  contains m o llu sk  
m olds and p e lo id s . S in ce  these  cem ent la y e rs  nucleated on sed im ent th a t  
is  often tru n c a te d  by c lion id  b o rin g s , th e  in te rn a l sed im ents  w e re  p ro ­
b ab ly  cem ented in  th e  m a rin e  e n v iro n m e n t.
T h e  isopachous fib ro u s  s p a r r y  c a lc ite  cem ents in  the  cap rin id  re e fs  
a re  s tr ic k in g ly  s im i la r  to  a c ic u la r  m agnesian  c a lc ite  cem ent crusts  
th a t a re  com m on in  Holocene re e fs  in  J a m a ic a  (L a n d , 1969; Land and 
M o o re , 1 9 7 4 ), B erm uda  (G in sb u rg  e t a l . ,  1971 ; S c h ro e d e r , 1972), and 
s u b m arin e  hardgrounds in  th e  P e rs ia n  G u lf (S h in n , 1 9 7 1 ). Iso top ic  
com position  and m in e ra lo g y  o f these  Holocene cem ents c o n firm s  th e ir  
s u b m arin e  o r ig in  (S h in n , 1 9 7 1 ). A ra g o n itic  f ib ro u s  c ru s ts  a re  a ls o  com m on  
in  m o d e rn  re e fs  (G insburg  e t a l . , 1971 ; D a v ie s  and K in s ey , 1973;
F r ie d m a n  e t a l . ,  1974) but a re  le s s  com m on than m agnesian  c a lc ite  
c e m e n t. S c h ro e d e r (1972 ) found th a t m agnesian  c a lc ite  "pa lisade"  
cem ents  ( f ib e rs  20 to  80 jjm  long and up to  5 ^ m  w ide) could be d is ­
tingu ished fro m  contem poraneous a rag o n ite  cem ents in  B e rm uda  re e fs  
by th e ir  m o re  o rd e r ly  c ry s ta l o rie n ta tio n  and sm ooth , re g u la r  s u rfa c e
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F ig u re  5 2 .  S E M  photom icrograph  showing th re e  generations o f 
fib ro u s  s p a rry  c a lc ite  (f) th a t coat a  ru d is t ske leton  ( r )  in  the  
r e e f  fra m e w o rk  a t P ipe  C re e k . B a r sca le  is  50  m ic ro n s .
F ig u re  5 3 .  N egative  photom icrograph showing th e  re la tio n s h ip  o f  
fib ro u s  cem ent la y e rs  to  in te rn a l sed im ent w ith in  a p r im a r y  
f ra m e w o rk  cav ity  o f the  P ip e  C re e k  r e e f .  B a r  sca le  is  1 c m .
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o u tlin e . Because the  fib ro u s  c ru s ts  in  the P ip e  C re e k  re e fs  c lo s e ly  
re s e m b le  "p a lisad e" c em e n ts , th e y  m a y  have o r ig in a lly  been composed 
o f m agnesian  c a lc ite .
S h inn  (1 9 69 ) found th a t a c ic u la r  aragon ite  and m agnesian  c a lc ite  
cem ents p re c ip ita te d  in  th e  bottom  o f la rg e  in te rg ra n u la r  pores  and 
burrow s  w e re  o v e rla in  by l im e  mud washed in to  the  p o re s . T h is  mud 
e ffe c t iv e ly  stopped fu r th e r  cem ent grow th by sea lin g  o ff the  cem ented  
la y e r  fro m  c irc u la tin g  in te r s t it ia l  m a rin e  w a te r .  G ro w th  o f cem ent on 
the  top and s ides  o f the p o res  continued un in te rrup ted  by th e  in flu x  o f 
l im e  m u d . S im i la r  processes  can be used to  exp la in  the  d iag en e tic  
sequence w ith in  r e e f  c a v itie s  a t P ip e  C re e k  ( F ig . 5 4 ) .
T h e  d is tr ib u tio n  and m in e ra lo g y  o f m odern  s u b m arin e  cem ents  
is  a p p are n tly  la rg e ly  c o n tro lled  by the  in te rs t it ia l  w a te r  c h e m is try  w hich  
m ay v a ry  between c a v ities  (G insburg  e t a l . ,  1 9 7 1 ). S c h ro e d e r (1 9 72 ) 
suggested th a t the  in tro d u ctio n  o f a lg a l filam e n ts  in to  c a v itie s  m a y  be a  
m echanism  th a t e ffe c ts  changes in  the  m ic ro e n v iro n m e n ta l c h e m is try .  
D ecaying o rg a n ic  tis su e  and b a c te r ia  m ay a lso  p ro m o te  the  p re c ip ita tio n  
o f c a lc iu m  carbonate  (B e r n e r ,  1968; M i t t e r r e r ,  1 97 1 ).
In the  C re taceous  re e fs  the  bottom  portions  o f c a v itie s  w e re  the  
s ite s  o f cem ent grow th  and deposition  o f p e lo id a l, fo s s ilife ro u s  s e d im e n t. 
T h e  pelo ids  w e re  p robab ly  la rg e ly  produced by c lion id  sponges. Sub­
m a rin e  fib ro u s  cem ent indura ted  th e  P ipe C re e k  r e e f  in te rn a l sed im ent 
as in  m o d e m  re e fs  (F ig .  5 5 ) . In te rc a la tio n  o f in te rn a l sed im ent la y e rs
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F ig u r e  5 4 .  S ke tc h  showing (A ) la y e r s  o f s u b m a rin e  cem ent and  
in te rn a l s e d im e n t th a t f i l l  a  m o llu s k  l iv in g  ch am b e r in  the  s u b m a rin e  
hardgrounds  o f the  P e rs ia n  G u lf .  N o te  basa l cem ent la y e rs  a r e  
th in n e r  than  contiguous la y e rs  on the  s id e s  o f the  c a v ity  because  
s ed im e n ta tio n  has inh ib ited  c em en t g ro w th . Adapted fro m  S h in n  (1 9 6 9 ) .  
B ottom  ske tch  (B ) shows a  s im i la r  re la tio n s h ip  o f cem ent and s e d im e n t  
w ith in  a  f ra m e w o rk  vo id  o f c a p rin id  r e e f .  S ed im ents , and cem e n ts  
have been bored  w ith  the  fra m e w o rk .
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F ig u re  5 5 . P h o to m ic ro g rap h  o f a  pelo id  coated by s u b m a rin e  
cem ento Note th e  f ib e rs  contain  num erous inc lus ions  p ro b a b ly  
captured  du rin g  th e  ra p id  grow th  o f the  c em e n t. In te rn a l 
sed im ent o f th e  D is c o v e ry  B ay r e e f ,  H o locene , J a m a ic a . B a r  
s ca le  is  50 m ic ro n s . T h in  section  courtesy  o f C lyde  H .  M o o re  J r .
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w ith  fib ro u s  c a lc ite  im  p lie s  th e  sed im e n t w as lith if ie d  s h o rtly  a f te r  
d e p o s itio n , C lio n id  borings th a t p e n etra te  the  sed im en t is  ind ispu tab le  
evidence o f its  e a r ly  m a rin e  o r ig in .
Im p lic a tio n s
T h e  te x tu re s  p re s e rv e d  w ith in  th e  c a p rin id  a c c re t io n a ry  fra m e ­
w o rk  re p re s e n t a  com plex  and d yn am ic  in te rp la y  betw een s im u ltaneous  
f ra m e  a c c re tio n  and c em e n ta tio n , in te rn a l s ed im e n ta tio n , and fra m e  
d estru c tio n  by o rg a n ic  b o rin g . U n t il  now , .te x tu ra l fe a tu re s  shown in  
th is  w o rk  to  have o rig in a ted  in  th e  m a rin e  en v iro n m e n t during  the  r e e f  
a c c re tio n  phase have been thought to  re p re s e n t fe a tu re s  produced durin g  
m e te o ric  vadose d iag enesis  (P e r k in s , 1 9 7 4 ). Dunham  (1969  a ; 1969 b) 
presen ted  evidence o f vadose d iag enesis  associa ted  w ith  upper P a le o z o ic  
re e fs  and carbonate  mounds in  N ew  M e x ic o . H is  in te rp re ta t io n s  w e re  
based la rg e ly  on the  o c cu rre n c e  o f p is o lith s , c ry s ta l and p e lle t s i l t ,  
i r r e g u la r  so lu tion  c a v it ie s , and fib ro u s  s p a r ry  c a lc ite  cem ent th a t 
lin e s  these  c a v itie s  and is  often o v e rla in  o r  in te rc a la te d  by c ry s ta l and 
p e lle t  s i l t .  P is o lith s  a re  i r r e g u la r  to  ovoid shaped g ra in s  th a t a re  
la r g e r  than 2 m m  in  d ia m e te r  and a re  com posed o f n o n -a lg a l c o n ce n tric  
la m in a tio n s  th a t e xh ib it a  p re fe re n tia l dow nw ard g row th  h a b it. T h e y  
develop  w ith in  the  vadose zone in  s o il p ro file s  th a t develop on lim e s to n e  
t e r r a in  w h ere  dow nw ard p e rco la tin g  vadose w a te rs  p re c ip ita te  a  m ic ro ­
c ry s ta ll in e  coating o f c a lc iu m  carbonate  on g ra in s  (R e e v e s , 1 9 7 0 ).
P e lle t  s i l ts ,  com posed o f m ic r i t ic  aggregates  a verag ing  50> jm  
in  d ia m e te r , occur only in  p r im a r y  c a v itie s  w ith in  boundstones (D unham ,
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1969 a ) .  In som e cases th e  p e lle ts  a r e  surrounded by fib ro u s  cem ent 
th a t c lo s e ly  re se m b les  cem ents indigenous to  in te rn a l r e e f  s e d im e n ts . 
C ry s ta l s i l t ,  com posed o f c a lc ite  p a r t ic le s  10 to  25 ;um in  d ia m e te r , 
fre q u e n tly  o v e r lie s  a c ic u la r  f ib ro u s  c em en t c ry s ta ls  th a t r im  ir r e g u la r  
v o id s . Both the  s iz e  and oc cu rre n c e  o f these  s il ts  is  analagous to  th e  
s iz e  and d is tr ib u tio n  o f p e lle te d  sed im en ts  and sponge chips in  m odern  
c o ra l re e fs  and the  ru d is t re e fs  a t  P ip e  C re e k .
B ecause the  vadose e n v iro n m e n t is  a  th re e  phase s ys tem  w ith  
a tm osphere  in  add ition  to  w a te r  and s o lid s , d iag nostic  cem ent types a re  
p re c ip ita te d . S ed im e n ts  a r e  often subjected  to  a lte rn a tin g  w et and d ry  
p e rio d s  in  th e  vadose zo n e . A s  th e  th in  f t lm  o f w a te r  th a t coats each  
g ra in  e vap o ra tes  i t  is  concentra ted  a t g ra in  contacts w here  s u rfa c e  
tens ion  re s u lts  in  the  fo rm a tio n  o f a  m en iscus  (D unham , 1 97 1 ).
F u r th e r  evap o ra tio n  g ra d u a lly  in c re a s e s  th e  io n ic  s tren g th  o f the  
w a te r  p re se n t u n til s u p e rs a tu ra tio n  is  reached and ca lc iu m  carbonate  
is  p re c ip ita te d  ( F ig .  5 6 ) .  T h e  second ly p e  o f cem ent c h a ra c te r is tic  
o f th e  vadose zone is  te rm e d  g ra v ita tio n a l o r  m i o r  o s ta la c titi c  (T a y lo r  
and I l l in g ,  1969; M u l le r ,  1 9 7 1 ). W a te r  f i lm s  surround ing  g ra in s  a re  
a ffected  by g ra v ity ,  becom ing th ic k e s t a t the  underside  o f g ra in s  
(F ig .  5 6 ) .  T h e r e fo r e ,  cem ents p re c ip ita te d  fro m  these  w a te r  f i lm s  
durin g  e vapora tion  tend to  be th ic k e s t a long the  bottom  o f g ra in s . In  
o o n tra s t, cem ents  p re c ip ita te d  in  the  p h re a t ic  zone have an isopachous  
hab it th a t re s u lts  fro m  the  pore  being s a tu ra te d  w ith  w a te r  during




F ig u re  5 6 ,  A s e r ie s  o f sketches showing the  d i f fe re n t c e m e n t'h a b it  
o f (A ) ; vadose m i o r  o s ta la c tit i  c ;  (B ) : vadose m e n is c u s; and (C )  
p h re a tic  c e m e n ts . N o tic e  th e  p h re a t ic  cem ents  a re  isopachous, 
a  re fle c tio n  o f the  one-phase sys tem  (w a te r ) p re s e n t in  the  p o re s .
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DIAGENCTIC FEATURE REFERENCE SUB VAO SUR PC
M ic r i t ic 7 ,  IS ,  19 , 21
P e lle te d  m ic r ite 2 1 , 24 X
M ic r i te -P F C  la ye rs 21 X
P S C -P F C  scalenohedral 13 , 19 X
P F C  ac ic u la r 19 , 23 X
M eniscus cem ents
3  ■ ■ ’ ’ X
P E -P F  m ic ro s ta la c titlc 1 6 , 18 X
P atchy cem ent d istribution 2 1 , 26 . X
U n ifo rm  c m t. d is tribution 3 ,  27 X X
C le a r  cem ent crys ta ls 6 , 7 X X
C loudy cem ent crys ta ls 3 ,  21 X
R ec rys ta llized  m a tr ix 8 ,  17 X X
U naltered  m a tr ix 20
M o llu sk  borings 20 X
Sponge borings 2 0 , 2 1 , 22 X
A lg a l borings 1Ô, 11 , 2 0 , 21 X X
Fungal borings 1 0 , 2 6 , 2 7 X
In te rn a l sedim ent components
M a rin e  invertebrates. .2 2 ,.2 5 X X
C alcareous s ilt 3 ,  25 X
P iso lite s X
Lam inations 3 ,  2 2 , 27 X X
C ro ss-lam inations 3 ;  22 X X X
P a re n t m a te r ia l brecciation 2 ,  9 ,  10 , 27 ' X
Root casts 17 X
R E F E R E N C E S :
1 .  A m sb u ry  (1967)
2 .  B a thurst (1971)
.3 .  Dunham (1969 a)
4 .  Dunham 0 9 6 9  b)
5 .  Dunham 0 9 7 1 )
6 .  F o lk  (1974)
7 .  Glnsburg e t a U l9 6 7 )
8 .  Inden (1972)
9 .  Janussbn (1961)
10 . Jam es (19 72 )- ' -
1 1 . K rebs (1969)
• 1 2 . Land (1969)
1 3 . Land and Goreau (1970)
1 4 . M atthew s (1967) ; ' :
. M oore (1973)
>. M u lle r  (1971)
’.  M u lte r  and H o ffm e is ter (1968) 
I .  Scholle and Kinsm an (1974)
I. Schroeder (1972)
I. S chroeder and Zan k l (1974 ) .
.  Shinn (1969)
!. Shinn (1971 ) '
t. Shinn e t -a l. (1974)
S ib l^ f  and M u rra y  (1973)
I. S p u rr  (1975) . .
i. T a y lo r  and Illin g  (1969 ) ’
'.  W alls  e t a l .  (1975) . ' %
T a b le  6 .  C om prrison  chart oP d iagenetic features comm on to  
subm arine (S U B ), vadose (V A O ), and s u rflc ia l (S U R ) env iron ­
m e nts , and P ipe C ree k  caprin id  re efs  (P C ).
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cernent g row th  (F ig .  5 6 ) .
T  a b le  6  p re s e n ts  a  com parison  o f d iag en e tic  te x tu re s  th a t a re  
associa ted  w ith  m e te o ric  vadose , s u r f ic ia l  (e x tre m e  upper vadose), 
and s u b m arin e  d iag en e tic  e nv ironm ents  w ith  those p re se n t w ith in  th e  
P ip e  C re e k  r e e fs .  I t  seem s th a t the  m a jo r ity  o f  d iag en e tic  fe a tu re s  
com m on to  th e  ru d is t re e fs  re su lte d  fro m  s u b m a rin e  d iag enesis  ra th e r  
than  m e te o ric  v a d o s e . S e v e ra l lin e s  o f reason ing  support th is  con­
c lu s io n . F i r s t ,  th e  in d iv id u a l la y e rs  o f fib ro u s  s p a r ry  c a lc ite  cem ent 
th a t lin e  fra m e w o rk  c a v itie s  a re  isopachous. T h e  cem ent is  often  
in te rc a la te d  w ith  pe lo id  l im e  w ackestone to  packstone th a t contains  
m a rin e  fo s s ils .  S e d im e n ta tio n  on the  flo o rs  o f c a v itie s  re s tr ic te d  
the  g row th  o f  cem ent in  those a re a s . T h e r e fo r e ,  one la y e r  o f f ib ro u s  
c a lc ite  a t th e  base o f  a  c av ity  plus in te rn a l s ed im e n t is  equ iva len t to  
one la y e r  o f f ib ro u s  c a lc ite  th a t lin e s  th e  s id es  and top o f the  sam e  
c a v ity . T o g e th e r  th e  cem ents fo rm  isopachous la y e rs  in d ica tiv e  o f 
th e  p h re a t ic  e n v iro n m e n t. M any  o f  th e  f ib ro u s  cem ent c ry s ta ls  a re  
c lou dy, a  phenom enon c h a ra c te r is tic  o f s u b m arin e  cem ents  (S h in n ,
1969; F o lk ,  1 9 7 5 ). I f  these  cem ents w e re  p re c ip ita te d  in  the  vadose zone  
s e v e ra l p e rio d s  o f e u s ta tic  sea  le v e l flu c tu a tio n s  would be ne ce s sa ry  
to  exp la in  th e  c e m e n t-m a r in e  s e d im e n t-c e m e n t a lte rn a tio n .
S econd , c h a ra c te r is tic s  o f the  c ry s ta l s i l t  th a t Dunham  (1 9 69  a) 
re la te d  to  m e te o ric  w a te r  vadose zone d iag en esis  seem s to  be id en tica l 
to  s i l t  p roduced c lio n id  sponges. C a lca reo u s  s i l t  w ith in  in te rn a l 
s ed im e n t in  ru d is t re e fs  is  c lion id  s i l t ,  produced as c lion ids  bored
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fra m e w o rk , cem e n ts , and cem ented in te rn a l s ed im ents  during  r e e f  
a c c re t io n .
T h i r d ,  d iag en e tic  m ic r i t ic  p e lle ts  th a t a v e ra g e  5 0 pm  in  d ia ­
m e te r  and o c cu r as f lo o rin g  in  p r im a r y  vo id s  w ith in  m ounds is  ano ther  
o f th e  c r it e r ia  developed by Dunham  (1969  a ) fo r  th e  recogn ition  o f  
vadose d ia g e n e s is . I t  has been shown th a t c lio n id  sponges produce  
s im i la r  p e lle ts  (T a b le  4 ) .  M o s t o f the  pe lo ids  w ith in  th e  fra m e s  o f  
the  re e fs  a t P ip e  C re e k  w e re  p robab ly  produced fcy sponges in  the  
m a rin e  e n v iro n m e n t.
D a ta  ind ica tes  c lio n id  degrada tion  o f r e e f  fra m e w o rk  in  the  
C re taceous  w as perhaps not as e ffe c tiv e  as d u rin g  th e  Holocene (T a b le  7 ) .  
L o w e r vo lu m e in fe s ta tio n  possib ly  coupled w ith  lo w e r  c a lc iu m  carbonate  
gen era tio n  ra te s  re su lte d  in  reduced in te rn a l s ed im e n t production  
in  the  C re taceous  r e e fs .  In  tu r n ,  le s s  sed im e n t p roduction  re su lte d  in  
m o re  p o re  space a v a ila b le  fo r  cem e n ta tio n . H ig h e r  ra te s  o f l im e  mud 
production  and tu rb id ity  on th e  Com anche S h e lf  m a y  have had d e tr im e n ta l  
e ffe cts  on c lion id  l i fe  p ro c e s s e s .
T h e  im p lic a tio n  o f th e  da ta  obtained fro m  the  study is  th a t  
in i t ia l  lith if ic a t io n  o f r e e f  beds o c cu rre d  in  th e  m a rin e  en viro n m en t 
and w as co n cu rre n t w ith  r e e f  fra m e w o rk  a c c re t io n . T h is  c on trasts  
w ith  the  p re v io u s  in te rp re ta t io n  th a t proposed th e  re e fs  w ere  lith if ie d  
w ith in  the  m e te o ric  vadose zone as  a  re s u lt o f s e v e ra l p erio d s  o f re e f  
e m e rg e n c e . P h o lad -b o red  s u rfa ce s  th a t tru n c a te  po rtio n s  o f the  re e f  
m ass a re  now thought to  re p re s e n t su b m arin e  hardgrounds ra th e r  than
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T H IN  S E C T IO N (S )
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T a b le  7 .  C o m p a ris o n s  o f p r im a r y  te x tu re s  w itn in  a ru d is t r e e f  and a  s c le a c tin ia n  r e e f .  
D is c o v e ry  B ay  d a ta  c o u rte s y  o f C ly d e  H , jv ijo re  J r .
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exposure  s u r fa c e s . G row th  o f the  s e m i-in d u ra te d  r e e f  fra m e w o rk  
in to  the  l i t to r a l  zone w as accom plishe  when c ap rin id  g row th  ra te  
exceeded th e  s h e lf subsidence r a te .
S yn g e n e tic  D iagenes is  -  N o n -R e e f  
G ra in  D iagenes is
O rg an ic  boring  and m ic r it iz a t io n  o f a llo c h e m s , ind u ra tio n  o f  
p e lo id s , and the  fo rm a tio n  o f  in tra c la s ts  o c cu rre d  in  n o n -re e f  beds a t 
the  w a te r -s e d im e n t in te r fa c e . P e lo id a l m ic r i te  f i l ls  c lion id  borings  
in  la rg e  o y s te r , re q u ie n iid , and c ap rin id  fra g m e n ts . S m a ll am ounts  
o f c lion id  s i l t  o c cu r in  b a c k re e f s ed im e n ts . In te rs t ic e s  in  cap rin id  
m ounds a re  often flo o re d  w ith  20 to  80 pm  d ia m e te r  c a lc ite  c ry s ta ls  
th a t a re  thought to  be c lion id  chips (F ig .  5 7 ) . R equ ien iids  and o y s te rs ,  
o r ig in a lly  c a lc ite ,  a re  m o re  com m on in  the mounds than  the re e fs .  
T h e r e fo r e ,  a  la rg e  p ro p o rtio n  o f c lion id  s i l t  in  the  b ioherm s w as c a l­
c ite  and thus m o re  s ta b le  than a rag o n ite  d uring  fre s h  w a te r  d iag en e s is . 
T h is  e xp la in s  w hy the  s i l t  is  m o re  com m on in  the  m ounds w h e re a s  
s m a ll pores  in  th e  in te rn a l sed im ent o f the  cap rin id  re e fs  re p re s e n t  
disso lved  sponge ch ip s .
M ic r it e  r im s ,  w e ll-d e v e lo p e d  in  l im e  packstones and g ra in s to n e s , 
often conta in  e n d o lith ic  fungal borings (1 to  2 ^im in  d ia m e te r) and la r g e r  
a lg a l borings (50  to  6 0 jjm  in  d ia m e te r ) (F ig .  58  and 5 9 ) .  R im s  a re  not 
p a r t ic u la r ly  w e ll developed in  the  m ud-supported  ro c k  types com m on to  
b a c k re e f sed im ents  a t P ip e  C r e e k . P u rd y  (1 9 68 ) fe e ls  th a t m any  types  
o f a lgae  and b a c te r ia  do not p r e fe r  tu rb id  e n v iro n m e n ts . H o w e ve r,
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F ig u re  5 7 . P ho tom icro graph  o f c lion id  s i l t  w ith in  a  c av ity  o r  
b u rro w  in  a  cap rin id  mound a t P ipe  C re e k . Note the  c h a ra c te r is tic  
s iz e  and shape o f th e  sponge ch ip s . T h e y  a re  e a s ily  m istak en  
fo r  m ic ro s p a r o r  vadose s i l t .  B a r  s ca le  is  100 m ic ro n s .
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F ig u re  5 8 . P ho tom icro graph  o f fungal borings in  a  m o llu sk
g ra in .  P ip e  C re e k . T h ese  m ic ro -b o r in g s  a re  ty p ic a lly  s tra ig h t
and have d ia m e te rs  between 1 and 3 m ic ro n s . B a r  s ca le  is  50  m ic ro n s .
F ig u re  5 9 .  P ho tom icro graph  show ing a lg a l borings th a t p e n e tra te  the  
o u te r m arg in  o f a  m o llu sk  g ra in .  P ip e  C re e k . C oalesced borings  o f  
th is  ty p e  a re  thought to  be re spons ib le  fo r  the  production o f m ic r ite  
r im s .  B a r  sca le  is  250 m ic ro n s .
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b o re rs  w e re  not c p m p le te ly  absent fro m  the  b a c k re e f s e d im e n ts .
Rounded, w e ll-s o r te d , s p h e ric a l to  oval pe lo ids  c o m p ris e  12  
to  49% o f the  a llo c h e m s  in  the  l im e  w ackestones o f the  s h e lf  and the  
b a c k re e f beds (F ig .  2 4 ) . T h re e  s iz e s  o f pe lo ids  w e re  noted . 
A p p ro x im a te ly  10% o f the  pe lo ids  a re  100 to  200 pm  in  d ia m e te r .
C lose  e xa m in a tio n  shows th e y  a re  m ilio l id  fo ra m in ife rs  whose te s ts  
have b e en -fille d  w ith  m ic r ite  (F ig .  6 0 ) .  Ovoid pe lo ids  w ith  long d ia ­
m e te rs  up to  6 0 0 p m  ap p ea r to  be m ic r it iz e d  m o llu sk s  (F ig .  6 1 ) , 
M ic r it iz e d  m o llu s k  fra g m en ts  a re  uncom m on but p re se n t in  b a c k re e f 
ro c k s . S im i la r  fra g m en ts  a re  com m on in  g ra in s to n e  un its  I la  and l ie  
( F ig .  6 2 ) . G ra in  m ic r it iz a t io n  by c e n tr ip e ta l re p la c e m e n t (B a th u rs t, 
1971) w as p ro b a b ly  re spons ib le  fo r  the  fo rm a tio n  o f these  p e lo id s .
M o s t o f the  pe lo ids  in  n o n -re e f  beds a v e ra g e  40 to  50 p m  in  d ia ­
m e te r .  T h e  p reponderance o f b u rro w s  in  the  b a c k re e f m ilio lid  pelo id  
l im e  w ackestones suggests th a t m a rin e  m o llu sk s  (K o rn ic k e r , 1962; 
F o lk , 1967) a n d /o r  p lqychaete w o rm s  (M o o re , 1939; S c h a e fe r , 1 9 7 2 ), 
capable o f ingesting  la rg e  q u an tities  o f l im e  m u d , a c t iv e ly  p e lle tiz e d  
these  ro c k s . T h e  40 to  5 0 p m  pe lo ids  p ro b a b ly  re p re s e n t fe c a l p e lle ts  
because th ey  a re  w e ll-ro u n d e d , w e ll-s o r te d , and o c c u r w ith in  beds 
th a t have undergone exten s ive  b io tu rb a tio n . P e lo id s  in  n o n -re e f  beds 
have not been sub jected  to  e xtens ive  com paction , a  phenom ena c h ar­
a c te r is t ic  o f m o s t anc ien t pe lle te d  carbonate  sequences (B e a le s , 1 9 6 5 ). 
O bviously th e s e  pe lo ids  w e re  cem ented du rin g  o r  im m e d ia te ly  a fte r
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F ig u re  6 0 . P h o tom icro graph  o f pe lo ids th a t re se m b le  m ic r i t e -  
f i l le d  m ilio lid  fo ra m in ife rs  fro m  back r e e f  sed im ents  a t P ip e  
C re e k  o B a r  s c a le  is  100 m ic ro n s .
F ig u re  6 1 . Photo m ic ro g ra p h  o f a  la rg e  pelo id  produced by  
c en trip e ta l re p la c em e n t o f a  m o llu sk  fra g m en t by en d o lith ic  
b o re rs . B a r  sca le  is  250 m ic ro n s .
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d e p o s itio n . F e c a l p e lle ts  in  the  Baham as a re  often indurated  a t the  
w a te r -s e d im e n t in te r fa c e  ( I l l in g ,  1954; B a th u rs t, 1 97 1 ). P assage o f  
l im e  mud th roug h  th e  d ig e stiv e  t r a c t  o f o rg a n ism s  undoubtedly adds  
o rg a n ic  m a tte r  and b a c te r ia  to  th e  l im e  m u d , c rea tin g  conditions  
fa v o ra b le  to  l i t h i f ï cation  w ith in  th e  m ic ro -e n v iro n s  o f ind iv id u a l p e lo id s ,  
S yn g en etic  C e m en tatio n
F ib ro u s  and m ic r i t ic  su b m arin e  cem ents  (F ig . 5 6 ) have been 
re p o rte d  f r o m  m a rin e /b ra c k is h  zones w ith in  th e  Holocene in te r t id a l 
and sub tida l b eachrock  zones in  th e  P e rs ia n  G u lf (T a y lo r  and I l l in g ,  
1 9 6 9 ). T h e  m ic r i te  cem ent is  com posed o f m ic ro n -s iz e d  a ra g o n ite , 
o ccurs  a t g ra in  c o n ta cts , and com m only  contains p e lo id s . S im i la r  
cem ents  com posed o f m agnesian c a lc ite  have been rep o rted  fro m  
beachrock sequences in  th e  M e d ite rra n e a n  and th e  C aribbean  
(A le x an d e rss o n , 1969; M o o re , 1973; S ib le y  and M u r r a y ,  1 9 7 3 ).
E vidence  th a t a lgae  p robab ly  p lay  an im p o rta n t ro le  in th e  fo rm a tio n  
o f these  cem ents  w as presented  by M o o re  (1 9 7 3 ).
A llo c h e m s  w ith in  the  upperm ost p o rtio n s  o f g ra inston e u n it I  
a re  coated by isopachous fib ro u s  ( P .F g C )  s p a r r y  c a lc ite  cenrent. 
Ind iv id u a l f ib e r s  a r e  clouded w ith  inc lu s io n s  and w e re  probab ly  
p re c ip ita te d  in  the  s u b m arin e  p h re a t ic  z o n e . M ic ro s ta la c t it ic  and 
m eniscus m ic r i te  cem ents o v e r lie  isopachous fib ro u s  cem ents in  the  
P ip e  C re e k  ro c ks  ( F ig ,  6 3 ) . T h e se  m ic r i te  cem ents  a re  a s y m m e tr ic a l , 
th icken ing  on th e  undersides  of g ra in s  and a t g ra in  contacts . T h is
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P R O C E S S  L O C A T IO N
S u b m a r in e  c e m e n ta ttlo n  P e r i - r e e f  g ra in s to n e  (A )
O rg a n ic  bo rin g
R E S U L T IN G  F A B R IC
1 . F ib ro u s  iso p a d io u s  c ru s t c em en t
2 , M i c r i t e  c em e n t
3 ,  K eystone vugs
4 .  In tra c la s ts
B a c k re e f  l im e  w ackestone (B ) P e lo id  in d u ra tio n
M a r in e  s h e lf  l im e  w ackes tone  (C ) P e lo id  in d u ra tio n
B a c k re e f  l im e  w ackes tone  (B ) G ra in  m ic r i t iz a t io n
M a r in e  s h e lf  l im e  w ackes tone  (C ) G ra in  m ic r i t iz a t io n
m
DfC A 1 -3  A U B40
F ig u r e  6 2 ,  D is tr ib u tio n  o f s yn g e n e tic  d iag en e s is  and re s u lta n t fa b r ic s  in  n o n - re e f  b e d s .
'pr<-:A
F ig u re  6 3 .  P ho tom icro graph  showing a  keystone vug a t the  top o f a  
p e r i - r e e f  g ra ins ton e  (U n it I ) .  F ib ro u s  isopachous cem ent (s u b m a rin e  
p h re a tic ? ) is  o v e rla in  by m ic r i t ic  m eniscus cem ent (m a rin e  vadose? ). 
T h e  vug w as f i l le d  la t e r  by equant s p a r ry  c a lc ite  (fre s h  w a te r  p h re a tic )  
B a r  s ca le  is  250  m ic ro n s .
F ig u re  6 4 . P h o tom icro graph  o f an in tra c la s t  composed o f pelo id  l im e  
wackestone fro m  the  base o f th e  festoon cross -bedded  lim e  gra ins ton e  
(U n it l ie ) .  B a r  s ca le  is  250 m ic ro n s .
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T h is  grow th  h a b it suggests a  vadose o r ig in  fo r  the  c e m e n t. H o w e v e r, 
cru s ts  w e re  a ls o  observed  to  th icken  on th e  upper s u rfa c e s  o f a llo c h e m s . 
T h is  s e e m in g ly  c o n tra d ic ta ry  cem ent d is tr ib u tio n  w as exp la ined  by M o o re  
(1 9 7 1 , 1 9 7 3 ). He found th a t m ic r i te  cem ents  in  su b tid a l beachrock  
sequences fro m  G rand  C aym an  w e re  g e n e ra lly  associa ted  w ith  
anastom osing netw orks  o f a lg a l tu b u le s . T h e  a lg a e  m o st often a ttach  
a t g ra in  contacts and m a y  induce th e  p re c ip ita tio n  o f  m ic r i t ic  m ag­
nesian  c a lc ite  d u rin g  a lg a l photosynthesis . T h e  re s u lta n t m ic r ite  cem ­
ents m im ic  m en iscus  cem ents  and de fy  g r a v ity .  M o o re  e t a l.Ç l 972) 
d escrib ed  s im i la r  cem ents  fro m  a  carbonate  beach sequence w ith in  the  
E dw ards L im es to n e  a t th e  Round M oun tain  q u a r ry  in  T e x a s . T h e r e fo r e ,  
th e  s im i la r i ty  betw een these  m odern  and C re ta ce o u s  cem ents and 
th e  cem ents a t  P ip e  C re e k  in  the  g ra in s to n es  o f  un it I  im p lie s  th a t the  
la t te r  cem ents  m a y  have o r ig in a lly  been m agnesian  c a lc ite  and w e re  
p re c ip ita te d  in  th e  sh allo w  m a rin e  p h re a t ic  zo n e .
K eystone v u g s , in d ic a tiv e  o f th e  u p per in te r t id a l zone (D u n h am , 
1 9 7 1 ), a r e  associa ted  w ith  th e  upperm ost beds o f u n it I  (F ig .  6 3 ) .
T h e se  vugs a r e  e q u iva len t in  s iz e  to  s ix  o r  e ig h t a d jacen t g r a in s . T h e y  
fo rm  in  m o d e rn  sed im ents  in  the  upper p a r t  o f  the  sw ash zone as a i r  
escapes fro m  th e  sed im en ts  during  w ave backw ash. C arbonate  beach 
sands a re  m o st conducive to  the p re s e rv a tio n  o f these  fe a tu re s  because  
o f ra p id  ra te s  o f l i t to r a l  zone cem e n ta tio n . Keystone vugs have been 
re p o rte d  fro m  C re taceo u s  beach sequences a t Round M ountain  
(M o o re  e t  a l . .  1972) and Cow  C re e k  (In d e n , 1 9 7 2 ). Keystone vugs a t
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th e  top o f  th e  u n it I  g ra in s to n e  a t P ip e  C re e k  suggest th a t th e  un it w as  
deposited a s  a  beach and th a t the  u pper p o rtio n  o f the  ad ja c en t r e e f  
m ass  w as p ro b a b ly  a ls o  s u b a e r ia lly  exposed. H o w e v e r, th e re  is  no 
evidence th a t a  fre s h  w a te r  len s  developed a t th is  s tage w ith in  th e  
r e e f  and p e r i - r e e f  s ed im e n ts . T h e  keystone vugs m a y  have fo rm e d  
d uring  e x tre m e ly  lo w  t id a l pe rio d s  (neap tid e s ) and do not n e c e s s a rily  
c o n firm  th e  th e o ry  th a t lo c a l o r  re g io n a l te c to n ism  caused w idespread  
r e e f  e m e rg e n c e .
In tra c la s ts  a r e  com m on to  a l l  o f the  g ra in s to n e  un its  but a re  
m o s t abundant in  th e  l im e  packstones o f u n it I la  ( F ig . 6 4 ) .  Because these  
in tra c la s ts  a r e  com posed o f pelo id  l im e  w ackestone to  packstone, 
ty p ic a l m a rin e  s h e lf  s e d im e n t, syngenetic  cem entation  o f portions  o f 
th e  m a rin e  s h e lf  is  suggested . S e m i-in d u ra te d  s h e lf s ed im e n t was  
re w o rk e d  as in tra c la s ts  and washed ove r  th e  c re s t  o f the  sand body 
in to  the  backshore  zo n e . W e ll-ro u n d e d  lith o c la s ts  o f m o llu s k  lim e  
packstone o c cu r a t th e  to p  o f  u n it I lb  in  th e  Odum c o re  and p rov id e  
fu r th e r  evidence o f su b m arin e  c em e n ta tio n . T h e s e  lith o c la s ts  (F ig .  65) 
a r e  com posed o f e x te n s iv e ly  bored m o llu sk  fra g m en ts  cem ented by 
isopachous rin d s  o f f ib ro u s  c a lc ite  s p a r and m a y  re p re s e n t re w o rk e d  
l im e  g ra ins ton e  th a t was deposited and cem ented in  the  l i t to r a l  o r  
s h allo w  s u b lit to ra l zone as  b eachrock.
U n it I l a ,  a  s e r ie s  o f c o a rs e -g ra in e d  w ashover deposits  in te r ­
bedded w ith  re q u ie n iid  l im e  w ackestones, conta in  la rg e  cap rin id
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F ig u re  6 5 . Photograph o f an in tra c la s t composed o f bored m o llu s k  
fra g m en ts  in  a cc re tio n  beds of the  Odum c o re .
F ig u re  6 6 .  P ho tom icro graph  o f m isa lig n ed  geopetal s tru c tu re s  
in  a  m o llu sk  fra g m e n t w ith in  the w ashover l im e  packstones o f 
U n it Ilao C em entatio n  o f the  in te rn a l sed im e n t o c cu rre d  when the  
g ra in  w as in  tw o d iffe re n t o r ie n ta tio n s , ind ica ting  s u bm arine  
cem e n ta tio n . B a r  sca le  is  250 m ic ro n s .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
106
fra g m en ts  whose p a ll ia i  canals a re  f i l le d  w ith  f ib ro u s  (P .F gC ) s p a r ry  
c al c ite  cem ent th a t o v e r lie s  p e lo id a l m ic r i t e .  N o t a l l  o f these  geo­
p e ta l s tru c tu re s  a r e  a ligned  w ith  one a n o th e r ( F ig ,  6 6 ) .  O rie n ta tio n  o f  
these  geopetal s tru c tu re s  and th e ir  asso c ia tio n  w ith  superim posed  
borings shows th a t sed im enta tion  and cem enta tion  w ith in  the  p a llia i  
canals and borings o c cu rre d  be fo re  the  fra g m e n ts  w e re  deposited as  
p a rt o f th e  g ra in s to n e  u n it.  No fe a tu re s  c h a ra c te r is t ic  o f beachrock  
zones such as c a lich e  c ru s ts  o r  s u rfa c e s , keystone v u g s , and m ic r ite  
cem ents w e re  observed  in  un it I I  ro c k s . T h e r e fo r e ,  the  g ra instone  
u n it p ro b a b ly  developed as  a  subm erged b a r  r a th e r  than a  beach.
T h e re  is ,  h o w e ve r, a  p o s s ib ility  th a t po rtio n s  o f the  b a r  w e re  exposed  
im m e d ia te ly  a f te r  s to r m s .
O th e r g ra ins ton es  show m o re  convincing evidence o f syngenetic  
cem e n ta tio n . L e n tic u la r  deposits  o f m o llu s k  l im e  packstone to  g ra in ­
stone c o m p ris e  po rtio n s  o f th e  r e e f  (F ig ,  6 2 ) .  W e ll-ro u n d e d , m o d e ra te ly  
sorted  m o llu sk  fra g m e n ts  in  these g ra ins ton es  a r e  coated w ith  contin­
uous, isopachous m ic r ite  r im s  th a t a r e  associa ted  w ith  a lg a l and fungal 
b o rin g s , Isopachous fib ro u s  s p a r r y  c a lc ite  s u rrounds  g ra in s . T h e  
in d iv id u a l f ib e rs  a re  clouded w ith  inclus ions and often contain polyg onal 
su tu res  (F ig ,  6 7 ) c h a ra c te r is tic  o f the p h re a t ic  zone (S h in n , 1 97 4 ).
W h e re  fib ro u s  cem ent is  ab sen t, pe lo id a l m ic r i te  fo rm s  isopachous and 
m eniscus c ru sts  around g ra in s . E v id e n tly  these  gra ins ton es  w ere  
cem ented in  the  l i t to r a l  and shallow  s u b - l i t to r a l  zones during  dep o sitio n .
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F ig u re  6 7 . P h o to m ic ro g rap h  showing polygonal cem ent s u tu res  
(a r ro w s ) th a t in d ica te  th is  cem ent was p re c ip ita te d  in  th e  p h re a t ic  
zo n e . T h e  cem ent is  f ib ro u s  and clouded w ith  in c lu s io n s . T h is  
possib le  s u b m arin e  cem ent is  fro m  a  len s  o f l im e  packstone  
w ith in  th e  u pperm ost p o rtio n  o f th e  lo w e r  ta b u la r  r e e f  m ass a t  
P ip e  C r e e k . B a r  s c a le  is  250  m ic ro n s .
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S u m m a ry  o f S yn g e n e tic  D iagenes is
R u d is t r e e f  a cc re tio n  a t P ip e  C re e k  was accom panied by syn­
chronous o rg a n ic  b o rin g , in te rn a l s e d im e n ta tio n , and cem e n ta tio n .
R e e f fra m e w o rk  w as bored by e n d o lith ic  fu n g i, a lg a e , and c lion id  
sponges. E xcava tion  o f th e  fra m e w o rk  sponges produced pe lo ids  
and s il t - s iz e d  ca lcareous  chips th a t becam e p a r t  o f the  in te rn a l s e d im e n t. 
P r im a r y  fra m e w o rk  c a v itie s  and abandoned c lion id  g a lle r ie s ,  the  la t te r  
e a s ily  recogn ized  by th e ir  c h a ra c te r is t ic  c e r ra te  m a rg in s , w e re  the  
deposition a l s ite s  fo r  in te rn a l s e d im e n t. In te rn a l sed im e n t g ra in s  a re  
u s u a lly  coated w ith  f ib ro u s  cem ent th a t re se m b les  Holocene m agnesian  
c a lc ite  su b m arin e  c em e n ts . C lio n id  s i l t  in  the  re e fs ,  o r ig in a lly  m o s tly  
a ra g o n ite , w as d isso lved  during  a  fre s h  w a te r  stage o f b u r ia l d ia g e n e s is . 
M o s t o f tine s m a ll p ores  w ith in  th e  in te rn a l sed im ents  w e re  p ro b a b ly  
o r ig in a lly  c lio n id  c h ip s . A  g r e a te r  p ro p o rtio n  o f  c lio n id  s i l t  is  p re ­
s erv ed  in  c ap rin id  mounds because m o re  c a lc it ic  re q u ie n iid s  and 
o y ste rs  a re  p re s e n t. T h e  c a lc ite  m in e ra lo g y  o f m ost o f the  sponge  
chips in  the  m ounds a llow ed  these  sponge chips to  be p re se rve d  when  
fre s h  w a te r  w as d isso lv ing  a ra g o n ite .
C o m m o n ly , m u ltip le  la y e rs  o f f ib ro u s  c a lc ite  in te rc a la te  la y e rs  
o f in te rn a l sed im en t th  a t contains m a rin e  fo s s ils . L a y e rs  o f f ib ro u s  
c a l c ite  on th e  s ides  o f voids a r e  th ic k e r  than fib ro u s  la y e rs  th a t f lo o r  
th e  c a v itie s  and in te rc a la te  in te rn a l sedinre nt because sed im enta tion  
a p p a re n tly  inh ib ited  cem ent g row th  in  th e  bottom  o f the c a v ity . C lio n id
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borings tra n s e c t m a tr ix ,  r e e f  fra m e w o rk , and cem e n ts . Th e se  
re la tio n s h ip s  s tro n g ly  suggest th a t s u b m arin e  c e m e n ta tio n , in te r ­
na l s ed im e n ta tio n , fra m e w o rk  b o rin g , and r e e f  a c c re t io n  w ith in  
th e  ru d is t re e fs  w as s im i la r  to  s im i la r  processes  in  Holocene  
s c le ra c tin ia n  r e e fs .  T h e r e fo r e ,  the  p ho lad -bored  s u r fa c e s , p re v io u s ly  
thought to  have fo rm e d  d uring  s u b a e ria l em erg e n ce  o f the  re e fs , m a y  
re p re s e n t l i t to r a l  and s u b m arin e  h ardgrounds . V e r t ic a l  r e e f  a c c re tio n  
in to  the  l i t to r a l  zone re s u lte d  in  the tru n c a tio n  o f ru d is ts , boring o f the  
r e e f  s u r fa c e , and o y s te r  e n c ru s ta tio n . T h e s e  s u rfa c e s  a re  no doubt 
lo c a l,  not re g io n a l, in  e x te n t.
A t  le a s t one s m a ll carbonate  beach developed on th e  seaw ard  
s id e  o f th e  r e e f  im m e d ia te ly  a f te r  o r  d uring  th e  developm ent o f the  
pho lad -bored  s u r fa c e . T h is  g ra ins ton e  contains m ic r i t ic  m eniscus  
and m ic ro s ta la c t it ic  cem ents  th a t o v e r lie  la y e rs  o f  isopachous fib ro u s  
s p a r r y  c a lc ite ,  in d ica tin g  th a t th e  ro c k  w as m o s tly  cem ented in  the  
s u b m arin e  e n v iro n m e n t. Keystone v u g s , p re s e rv e d  a t th e  top o f th is  u n it, 
in d ica te  s om e s u b a e r ia l exposure  o f the r e e f  c re s t  and p e r i - r e e f  l im e  
g ra in s to n e s . T h is  exposure  w as p robab ly  o f a  s h o rt d u ra tio n . M o s t 
of the  lim e  packstone to  g ra ins ton e  th a t is  w ith in  th e  r e e f  fe a m e w o rk  
w as cem ented in  th e  s u b m a rin e  enviro n m e n t fcy fib ro u s  and m ic r i t ic  
cem e n ts . T h e  u n it I I  ro cks  do  not contain  d e fin ite  evidence o f ex­
posure  but d iag en e tic  tre n d s  w ith in  the  sand body should be exam ined  
fo r  evidence o f a  syndepos itional fre s h  w a te r  le n s .
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P e lo id s  in  n o n -re e f  sed im ents  show  a  re m a rk a b le  la c k  o f  
com paction  th a t argues in  fa v o r  o f in d u ra tio n  during  o r  im m e d ia te ly  
a f te r  d e p o s itio n . B o rin g  e n d o lith ic  a lg a e  and fungi a lte re d  som e  
m o llu s k  fra g m e n ts  in to  pelo ids  by c e n tr ip e ta l re p la c e m e n t. O th e r  
pelo ids  a r e  m ic r i te - f i l le d  m ilio lid  fo r a m in ife r s . T h e  m a jo r ity  o f the  
pelo ids  w e re  p ro b ab ly  produced as fe c a l p e lle ts  th a t w ere  e xc re ted  by 
burrow ing  m a rin e  o rg a n is m s .
T e x tu re s  and fa b r ic s  associa ted  w ith  ep ig enetic  d iag enesis  have  
been superim posed  o v e r e a r ly  s u b m arin e  d iag en e tic  fe a tu re s . T h e  
sed im ents  th a t c o m p ris e  the  cap rin id  r e e f  fa c ie s  o f the G len  R ose R e e f  
In te rv a l w e re  p re d o m in an tly  a rag o n ite  and m agnesian  c a lc ite , re la t iv e ly  
unstab le  m in e r a ls . A  exam ination  o f ep ig en e tic  te x tu re s  and cem ent 
t r a c e  e le m e n t chem is  'y  w i ll  a llo w  p ro p e r re co n s tru c tio n  o f the  p o s t-  
deposition a l hydro logy and subsequent d iag en e s is .
E p ig en e tic  D iagenes is
In troduction
E p ig en e tic  d iag enesis  th a t includes la t e r  c em enta tion , m a tr ix  
re c r y s ta l l iz a t io n , d o lo m itiz a t io n , and convers ion  o f unstable carbonate  
m in e ra ls  to  m o re  s ta b le  ones o f th e  c ap rin id  r e e f  fa c ie s  w as in fluenced  
by in te r s t it ia l  w a te rs  th a t had v a ry in g  s a lin it ie s  and c h em ica l com pos­
it io n . N o n -m a r in e  c a lcareo u s  cem ents  a re  ty p ic a lly  c le a r ,  equan t, 
w e ll- fo rm e d  c ry s ta ls  th a t d if fe r  m a rk e d ly  fro m  m ic r i t ic  and fib ro u s  
cem ents  p roduced  in  th e  m a rin e  e n v iro n m e n t (F o lk ,  1 9 7 4 ). A ls o , i f
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a  c em ent is  p re c ip ita te d  in  the  p h re a t ic  zo n e , i ts  fa b r ic  is  m a rk e d ly  
d iffe re n t fro m  the  cem ents  p re c ip ita te d  in  the  vadose zone (F ig ,  5 6 ) .  
S ed im e n ts  th a t w e re  p a r t ly  indura ted  in  th e  s u b m arin e  en v iro n m e n t 
a r e  u s u a lly  fu r th e r  cem ented durin g  b u r ia l a n d /o r  s u b a e ria l exp o s u re . 
T h e r e fo r e ,  i t  is  not uncom m on to  o b serve  tw o  o r  th re e  pe rio d s  o f  
cem enta tion  th a t have a ffected  a  s in g le  p o re .
C a lc ite  is  th e  m ost s ta b le  phase o f c a lc iu m  carbonate  in  fre s h  
w a te r  but a ra g o n ite  and m agnesian  c a lc ite  (c a lc ite  having o v e r 4  m ole%  
M gC Q s in  its  la t t ic e )  a re  th e  m ost com m on phases in  th e  m a rin e  en­
v iro n m e n t (S te h li and H o w e r, 1961; C h a v e , 1 9 6 2 ). R ecen t w o rk  by  
B e rn e r  (1 9 75 ) in d ica te s  th a t m agnesian  c a l c ites  w ith  g re a te r  than
8 .5  m ole%  M gC O g is  le s s  s ta b le  than  a rag o n ite  in  m a rin e  w a te r .  
C o n v e rs e ly , i f  th e  M gC O g v a lu e  is  between 4 .0  and 8 .5 ,  the  c a lc ite  
is  m o re  s ta b le  than  a rag o n ite  in  sea  w a te r .  A cco rd in g  to  B e rn e r
(1 9 75 ) m agnes ian  c a lc ite  tends to  r e c r y s ta l l iz e  to  contain  le s s  than
8 .5  m ole%  M gC O g i f  g iven  enough t im e  b e fo re  the  w a te r  c h e m is try
o f the  sed im e n ts  changes durin g  b u r ia l . S e v e ra l in ve s tig a to rs  (L a n d ,
1967; W in la n d , 1971; B e r n e r ,  1975) have shown th a t m agnesian  c a lc ite  
and a ra g o n ite  a re  both unstable in  fre s h  w a te r  but m ay  e q u ilib ra te  by  
d iffe re n t m eth o d s .
C onvers ion  o f m u lt i -m in e ra l ic  carbonate  sed iem nts  to  m o n o - 
m in e r a l ic  lim e s to n e s  produces c h a ra c te r is t ic  te x tu re s  w ith in  carbonate  
rocks  th a t  can be used to  in fe r  v a r ia tio n s  in  p o re  w a te r  c h e m is try  
d uring  d ia g e n e s is . M o llu s k  m olds  fo rm e d  by the  d isso lu tion  of
o r ig in a l a ra g o n itic  s h e ll m a te r ia l a r e  com m on in  a nc ien t ro c k s .
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W a te rs  un d e rsa tu ra te d  w ith  re s p e c t to  c a lc iu m  carbonate  re m o ve  
m agnesium  fro m  m agnesian  c a lc ite  by incong ru e n t d isso lu tio n  and 
c ongruen tly  d iss o lv e  a ra g o n ite  (L a n d , 1 9 6 7 ). D is so lu tio n  m ay  
e v e n tu a lly  re s u lt in  s u p ers a tu ra tio n  o f p o re  w a te rs  w ith  re s p e c t to  
th e  le a s t  so lu b le  phase , c a lc ite , w h ich  is  p re c ip ita te d  as m o ld -f i l l in g  
o r  in te rg ra n u la r  s p a r r y  c a lc ite  cem ent (P u rd y , 1 9 6 8 ). W hen a rag o n ite  
d iss o lu tio n  is  accom panied  by in te rg ra n u la r  c a lc ite  cem enta tion  the  
m ic rite -o u tlin e d  m olds  often  re ta in  th e ir  sh ap e . I f  cem enta tion  is  no t, 
contem poraneous w ith  d isso lu tio n  th e  re la t iv e ly  fra g ile  m ic r i te  r im s  
a r e  crushed du rin g  th e  com paction  o f the  sed im ents  (D odd , 1 9 6 6 ). T h e  
s k e le ta l m olds  m a y  be f i l le d  by la t e r  s p a r ry  c a lc ite  cem ents  th a t a re  
s y n ta x ia l o r  e p ita x ia l w ith  th e  a d jacen t in te rg ra n u la r  cem ents  depending  
on th e  t im in g  o f cem enta tion  (D odd , 1 9 6 6 ). T h e r e fo r e ,  the  presence  
o f in ta c t s k e le ta l m olds  outlined  by m ic r ite  r im s  in  carbonate  rocks  
shows th a t the  s ed im en ts  w e re  exposed to  fre s h  w a te r  d uring  o r  
a f te r  deposition  and a f te r  in te rg ra n u la r  cem e n ta tio n .
In  c o n tra s t , in v e rs io n  te x tu re s  a r e  produced when the  a rag o n ite  
to  c a lc ite  convers ion  (f lu id s  p re se n t) occurs  w ithou t an in te rven in g  
m old  stage (F o lk ,  1 9 6 5 ). In v e rs io n  o r  c a lc it iz a tio n  o f a ra g o n itic  s h e ll 
m a te r ia l  is  recogn ized  by te x tu ra l c h a ra c te r is tic s  th a t a r e ,  fo r  the  
m o s t p a r t ,  e a s ily  d istingu ished fro m  d is s o lu tio n -p ré c ip ita t io n  te x ­
tu re s  (T a b le  8 ) .  P ro b ab ly  th e  m o st d iag nostic  fe a tu re  o f in ve rs io n  
te x tu re s  is  the  re ten tio n  o f o rg a n ic  la m in a e  fro m  th e  o r ig in a l s h e ll.  
T h e s e  la m in a e  com m only  tra n s e c t c a lc ite  c ry s ta ls  and us u a lly
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Inversion -  Recrystallization Dissolution -  Precipitation
M o  llu sc an  s h e ll w a ll is  p a r t ly  
o r  w h o lly  re p la c ed  by a  m osaic  
o f s p a r ry  c a lc ite  (p s e u d o sp ar).
P seudospar c ry s ta ls  v a r y  in  
m a xim u m  ap p aren t d ia m e te r .
S m a lle s t  c ry s ta ls  a re  often  
concen tra ted  along s h e ll w a ll  
m a rg in s .
M o llu s ca n  s h e ll w a ll is  d isso lved  
now occupied by one o r  m o re  gen­
e ra tio n s  o f s p a r ry  c a lc ite .
C e m en t c ry s ta l s iz e  depends on the  
s iz e  o f th e  m old  th e y  occupy.
S m a lle s t  c ry s ta ls  a re  often con­
cen tra te d  along s h e ll w a ll m a rg in s .  
D isputed  by Land (1 9 6 7 ).
In te r  c ry s ta ll in e  boundaries a re  
u s u a lly  w av y  o r  g en tly  c u rv e d .
In te rc ry s ta ll in e  boundaries a re  
g e n e ra lly  p la n a r .
T r ip le  junc tions  a re  r a r e . T r ip le  junc tions  a re  com m on. 
D isputed  by Land (1 9 6 7 ).
A  l in e a r  a rra n g e m e n t o f inclus ions  
(o rg a n ic  m a tr ix  re m a in s ? ) tra n ­
sec ts  pseudospar c ry s ta ls  and con­
tinues  a cro s s  c ry s ta l bou n d aries .
C ry s ta ls  a re  g e n e ra lly  fr e e  o f 
in c lu s io n s . Exceptions a re  sub­
m a rin e  and som e vadose c e m e n ts .
P seudospar is  often p leo ch ro ic  and C e m en t is  ty p ic a lly  c le a r  and
p a le -b ro w n -c o lo re d . e x h ib its  no p le o c h ro is m .
Undulose extin c tio n  c o m m o n . U n it extin c tio n  o n ly .
C ry s ta ls  s o m etim e s  have a  p re ­
fe r r e d  o rie n ta tio n  n o rm a l to  th e  
s h e ll m a rg in .
C ry s ta ls  so m etim e s  have a  p re ­
fe r r e d  o rien ta tio n  n o rm a l to  the  
s h e ll m a rg in .
Pseudospar often p enetra tes  
m ic r i te  m a tr ix  along a  jagged  
o r  saw tooth re ac tio n  fro n t .  
C o n firm e d  by S ch la n g e r (1 9 6 4 ).
S p a r r y  c a lc ite  p re c ip ita te d  in  
in te rg ra n u la r  po re s  m a y  re s e m b le  
c a lc ite  p re c ip ita te d  in  a d jacen t  
m olds  o f a llo c h e m s .
T a b le  8 .  C h a ra c te r is t ic s  o f pseudospar and 
s p a r ry  c a lc ite . U n less  o therw ise  noted , a ll  
in fo rm a tio n  was adapted fro m  B a th u rs t (1 9 7 1 ).
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continue a cro s s  g ra in  bou n d aries . A n o th er d iag nostic  fe a tu re  is  th a t  
pseudospar c ry s ta ls  often  p e n etra te  the  surround ing  m a tr ix  along a  
jagged r e c ry s ta ll iz a t io n  f r o n t .
A ra g o n ite  s k e le ta l g ra in s  w e re  a sc erta in e d  to  be m o re  sus­
c ep tib le  to  r e c ry s ta ll iz a t io n  than m agnesisan  c a lc ite  in  subsurface  
carbonate  sed im ents  o f Lau  and Guam  (C r ic k m a y , 1 9 4 5 ). C r ic k m a y  
re p o rte d  th a t a lthough som e arag o n ite  ske le tons  w e re  re c r y s ta l l iz e d ,  
o thers  fro m  the  sam e s tra t ig ra p h ie  horizo n  w e re  n o t. E v id e n tly  
r e c ry s ta ll iz a t io n  o f a rag o n ite  ske letons is  c o n tro lled  som ew hat by 
s h e ll m ic ro -a rc h ite c tu re  o r  o th e r le c to rs  proposed by B anner and 
Woods (1 9 6 4 ). S c h m a ltz  (1956 ) and S ch la n g e r (1 9 64 ) observed th a t  
c a lc it iz a tio n  o f P lio c e n e  Epoch and P le is to ce n e  Epoch carbonate  sed­
im ents  fro m  Funafu ti and Guam  has o c cu rre d  in  th e  presence  o f m a rin e  
in te r s t it ia l  w a te r .  Inden (1 9 72 ) d e te rm in e d  th a t a ra g o n itic  m o llu sk  
g ra in s  in  th e  upper o ffsh o re  beds in  the  Cow  C re e k  L im es to n e  in ve rte d  
in  m a rin e  w a te r  and w e re  not a ffected  by th e  fre s h  w a te r  len s  th a t 
developed as m e te o ric  w a te r  en te red  the  exposed, u p per p ortion  o f the  
beach and w as flushed s e a w a rd . T h e r e fo r e ,  d isso lu tion  and in ve rs io n  
te x tu re s  re p re s e n t th e  in fluence  o f fre s h  and m a rin e  pore  w a te rs  
re s p e c tiv e ly .
C arbonate  rocks  a ls o  often contain a llo c h e m  and cem ent te x ­
tu re s  th a t have a p p a re n tly  not been a ffected  by e ith e r  d isso lu tion  
o r  c a lc it iz a t io n . D uring  a  study o f P le is to cen e  s h a llo w  m a rin e
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carbonate  sed im ents  now in  the  m e te o ric  p h re a t ic  zone o f B e rm u d a , 
Land (1967 ) re p o rte d  th a t m agnesian  c a lc ite  s k e le ta l g ra in s  have con­
v e r te d  to  c a lc ite  w ithou t a ttendant te x tu ra l change. He suggested tha t 
c a lc iu m  lib e ra te d  fro m  a rag o n ite  undergoing congruent d isso lu tion  
has substitu ted  f o r  m agnesium  in  th e  c a lc ite  la t t ic e s  o f c o ra llin e  a lg a e , 
ech in o id s , and fo r a m in ife r s , T h is  phenom enon, te rm e d  incongruent 
d isso lu tion  by Land (1 9 6 7 ), was docum ented in  la b o ra to ry  e xp e rim en ts  
(S c h ro e d e r , 1969) and in  a  study o f T e r t ia r y  and Q u a te rn a ry  carbonate  
sed im ents  in  Is ra e l  (G avish  and F r ie d m a n , 1 9 6 9 ). W in land  (1971 )  
suggested th a t m any  m ic r i te  r im s  and s u b m arin e  cem ent te x tu re s  a re  
fa ith fu lly  p re se rve d  in  a nc ien t lim e s to n e s  because o f th e ir  o r ig in a l 
m agnesian  c a lc ite  m in e ra lo g y  w hich converted  to  c a lc ite  by incongruent 
d iss o lu tio n .
Land (1967 ) proposed fiv e  d iag en e tic  s tages th a t a re  app licab le  
to  m ost carbonate  rocks  and sed im ents  th a t undergo fre s h  w a te r  d ia ­
genesis  (T a b le  9 ) .  T h is  sequence is  v e r y  usefu l to  the  p e tro g ra p h e r  
who m u s t, by analogy , in fe r  o r ig in a l ske le ton  and cem ent m orpho logy . 
In  th is  s tu d y , d is s o lu t io n -p re c ip ita t io n  te x tu re s  a re  thought to  re p ­
re s e n t fre s h  w a te r  d iag en e s is . C o n v e rs e ly , in ve rs io n  te x tu re s  suggest 
m a rin e  p ore  w a te rs  w e re  p re s e n t. T h e  la c k  o f syngenetic  d iag enetic  
fe a tu re s  in  the  c a p rin id  r e e f  fa c ie s  w hich m ig h t have developed as a  
re s u lt  o f em ergence  and s u b a e ria l exposure  e lim in a te s  the  p o s s ib ility  
o f v e r y  e a r ly  fre s h  w a te r  d iag en e s is . T h e re fo  r e ,  a l l  ep ig enetic  
diag enesis  was accom plished  by m a rin e  connate w a te r  and fre s h  w a te r
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STAGE I : Initial sediment Mineralogy Is aragonite, magnesian calcite with variable mole%
S T A G E  I I  ; F i r s t  cem ent U p p e r s u rfa c e  o f the  s e d im e n t Is  le a c h e d , m en iscus  and m lc r o -  
s ta la c t lt lc  cem ents  m a y  p re c ip ita te  In  the vadose z o n e . In te r ­
t id a l cem ents  a re  ty p ic a lly  fib ro u s  a n d /o r  m lc r l t lc  c ru s ts .
S T A G E  I I I  : Loss o f M a g n e s ia n  c a lc ite  a llo c h e m s  and cem ent a re  c o nverted  to  s ta b le  
c a lc ite  by Inco ngruen t d is s o lu tio n  w ith in  the  c a lc ite  la t t ic e .  T h e  
m o le  fo r  m o le  re p la c e m e n t o f m a gnes ium  by c a lc iu m  Is  w ithou t 
attendan t te x tu ra l change. M a g n e s iu m  Is  re le a s e d  In to  p o re  w a te rs .
S T A G E  IV  ; D is s o lu tio n  -  A ra g o n ite  Is  d iss o lv ed  p roducing  m o lds  o f h e re to fo re  a ra g o n itic
P re c ip ita t io n  a llo c h e m s . C ontem poraneous c em e n ta tio n  o ften  accom pan ies
d is s o lu tio n . I f  the  a llo c h e m s  a r e  surro u n d ed  by m ic r i te  r im s  
s ta b iliz e d  d u rin g  S ta g e  I I I ,  the  shape o f the  a llo c h e m  m a y  be p re ­
s e rv e d  as a  m o ld  ou tlined  by a  th in  " r in d "  o f m ic r i t e .  I f  
allocthonous cem e n ta tio n  accom pan ies  d is s o lu tio n , the  r im s  do  
not c o lla p s e .
S T A G E  V  ; C u lm in a tio n  In  T h e  s e d im e n t Is  now a ro c k  th a t Is  com posed o f the  r e la t iv e ly  s ta b le
c a lc ite  c arb o n ate  p h a se , c a lc ite .  O cc lus ion  o f re m a in in g  p o ro s ity  can
o c cu r on ly  I f  autocthonous c a lc iu m  c arb o n ate  Is  a v a ila b le .
T a b le  9 .  T h e  fiv e  d ia g e n e tic  s tages o f Land (1 9 6 7 ) fo r  a  s h a llo w  m a rin e  c arbonate  
s e d im e n t sequence th a t Is  sub jected  to  m e te o r ic  w a te r  d la g e n e s ls . S tage  I I  Is  
a p p lic a b le  on ly  to  those s ed im e n ts  th a t a re  exposed to  vadose co n d itio n s . N ote  th a t  
the  con ve rs io n  o f m agnes ian  c a lc ite  p re ce ed s  a ra g o n ite  d is s o lu tio n .
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th a t m a y  have flushed th e  s ed im ents  during  b u r ia l .
P hase I  . : In it ia l  M a r in e  and F re s h  W a te r  E p ig en e tic  D iagenes is
R e e f In te rv a l s ed im ents  a re  o v e rla in  by up p e r Com anchean  
throug h G u lfia n  (m id d le  A lb ia n  through M a a s tr ic h tia n ) s ed im ents  th a t 
have a  to ta l th ickness  betw een 500  and 750  m  (Y o u n g , 1 9 6 7 ). U p lif t  
o f po rtio n s  o f th e  Com anche S h e lf  m ay  have begun as e a r ly  as the  
m id d le  C re ta ce o u s  P e rio d  but re w o rk e d  upper C re ta ce o u s  lim e s to n e  
pebbles and fo s s ils  th a t o c cu r on the  dow nthrow n s id e  o f the  Balcones  
fa u lt  (G u lf C o a s ta l P la in ) in  M io c en e  sed im ents  and rocks  a re  conclus ive  
e vidence o f B alcones m ovem ent during  th e  e a r ly  M io c en e  Epoch 
( M u r r a y ,  1 9 6 1 ).
P r io r  to  e xtens ive  re g io n a l u p lift  assoc ia ted  w ith  Balcones  
fa u lt in g , m e te o ric  w a te r  in ta ke  a re a s  had p ro b a b ly  developed on the  
C om anche S h e lf .  T h e  upper p o rtio n  o f the  L o w e r M e m b e r  and the  
e n tire  U p p e r M e m b e r  o f th e  G len  Rose contain  a  la rg e  p ro p o rtio n  o f 
s u p ra t id a l d o lo m ite  and a lg a l f la t  sequences . T h e s e  e xtens ive  c a r ­
bonate m u d fla ts  m a y  have acted  as in take  a re a s  fo r  m e te o ric  w a te r  th a t  
flushed  un d e rly in g  s e d im e n ts . In  ad d itio n , the  top  o f the  F re d e ric k s b u rg  
G roup is  m a rk e d  by a  pronounced, iro n -s ta in e d  u n c o n fo rm ity  th a t is  
thought to  have developed durin g  a  m a rin e  re g re s s io n  around the  L lan o  
re g io n  o f c e n tra l and s o u th -c e n tra l T e x a s  (M o o re , 1 9 6 4 ). T h e  tim e  o f  
in tro d u c tio n  o f fre s h  w a te r  in to  R e e f In te rv a l sed im ents  cannot be de f­
ined w ith  c e r ta in ty . I t  can be a ssu m ed , h o w e ve r, th a t the  in it ia l  in te r ­
s t i t ia l  w a te r  w ith in  R e e f In te rv a l sed im ents  was m a r in e .
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I f  m a rin e  p o re  w a te rs  w e re  p re se n t fo r  som e t im e ,  m agnesian  
c a lc ite  ske letons and cem ents  in  th e  R e e f In te rv a l should have undergone  
incongruent d isso lu tion  to  in te rm e d ia te  m agnesian  c a lc ite  having  
4 ,0  to  8 .5  m o le%  M gC O g as proposed by B e rn e r  (1 9 7 5 ). E xa m ­
inatio n  o f c o ra llin e  a lg a e , m ilio lid  fo r a m in ife r s ,  ech in o id s , and 
su b m arin e  fib ro u s  c em e n ts , o r ig in a lly  thought to  be composed o f m ag­
nesian  c a lc ite  (T a b le  3 ) a t P ip e  C re e k  re v e a ls  th a t th ese  a llochem s  
and cem ents  fa ith fu lly  re ta in  p r im a r y  te x tu re s . T h e  s h e ll w a lls  o f 
rhodophytes and m ilio lid s  in  th e  C re taceous  ro c ks  a re  p re se rve d  as  
dense brow n m ic r ite  th a t contains m ic r o -a r c h ite c tu ra l  d e ta il .  
E ch inoderm  p la tes  and sp ines  a re  now m o n o c rys ta llin e  c a lc ite  c ry s ta ls  
th a t e x h ib it un it e x t in c tio n . D u rin g  inco ngruen t d is s o lu tio n , C re taceous  
s k e le ta l a llo c h e m s  and su b m arin e  cem ents  th a t w e re  m agnesian  ca l­
c ite  p robab ly  re le a se d  m agnesium  to  the  in te r s t it ia l  w a te r .  A s  
c a lc iu m  fro m  the  in te r s t it ia l  w a te r  substitu ted  fo r  m agnesium  in  the  
c a lc ite  la t t ic e ,  the  M g /C a  v a lu e  o f th e  w a te r  in c re a s e d . F o lk  and 
Land (1 9 75 ) proposed th a t in creased  v a lu e s  o f M g /C a  w ithou t a ttendant 
change in  w a te r  s a lin ity  can p rom ote  d o lo m itiz a t io n . T h e r e f o r e ,— 
d o lo m itiz a tio n  m ay  have been the  f i r s t  d iag en e tic  even t to  a ffe c t the  
sed im ents  a t P ip e  C re e k  durin g  b u r ia l,
D o lo m itiz a tio n  ; T h e  o c cu rre n c e  o f d o lo m ite  in  th e  cap rin id  r e e f  fa c ie s  
is  re s tr ic te d  to  beds w ith in  th e  b a c k re e f m ilio l id  pe lo id  l im e  w ac k e - 
stones and portions  o f the  m o llu sk  pe lo id  l im e  w ackestones th a t re p ­
re se n t m a rin e  s h e lf s e d im e n ts . In a  p re v io u s  d iscussion  i t  was shown
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th a t s e d im e n ta ry  s tru c tu re s  n o rm a lly  associa ted  w ith  s u p ra tid a l 
sequences a re  absent fro m  these d o lo m itic  zo n e s . In  a d d itio n , the  
d o lom ites  a re  not associa ted  w ith  s u rfa c e s  th a t m ig h t have developed  
o v e r re e fs  and sand bodies during  s u b a e ria l exp o s u re . D iscussion  o f 
d o lo m itiz a tio n  processes  m u st account fo r  th e  lo c a l and ap p are n tly  
random  d is tr ib u tio n  o f do lo m ite  w ith in  th e  s e c tio n .
T h e  d o lo m ite  c ry s ta ls  have a  b im odal s iz e  d is tr ib u tio n . O ve r  
80% o f th e  rhom bs (F ig .  6 8 ) a re  le s s  than  1 5 ^ m  in  d ia m e te r  and ave rag e  
8 to  1 0 ^ m .  T h e s e  rhom bs a re  subhed ra l and c loudy, probab ly  because  
o f inc lus ions  w ith in  the  c ry s ta ls .  L a r g e r  rhom bs a re  e u h e d ra l, c le a r ,  
and a ve rag e  50  j jm  in  d ia m e te r  (F ig .  6 9 ) .  X - r a y  d iffra c tio n  ana ly s is  
shows th a t the  carbonate  phase is  d is o rd e re d  p ro tod o lo m ite  th a t 
contains 43  to  48  m ole%  M gC O g (T a b le  1 0 )»
T h e  d is tr ib u tio n  o f the  p ro tod o lo m ite  is  fa b r ic  s e le c t iv e .
T h e  s m a lle r  subhed ra  have re p laced  on ly  m a tr ix  but the  la r g e r  rhom bs  
rep laced  m a tr ix  and a llochem s (F ig .  7 0 ) .  R ep lacem ent o f the m a tr ix  
is  often in c o m p le te , th e  percentage o f p ro to d o lo m ite  ranges between  
0 .1  and 1 0 0 .0  v o lu m e p e rce n t o f dolostones and d o lo m itic  lim e s to n e s . 
Inso lub le  re s id u e  a n a ly s is  shows th a t te rr ig e n o u s  s i l t  plus c la y  com ­
p ris e s  betw een 3 .2  and 16 .3%  o f the  to ta l ro c k  v o lu m e . T h e  am ount o f 
non-carbonate  m a te r ia l  p re se n t is  p ro p o rtio n a l to  the  extent o f  
d o lo m itiza tio n  (T a b le  1 0 ) . D o lo m itiz a tio n  w as ev id e n tly  con tro lled  
som ew hat by the  d is tr ib u tio n  o f c la y -s iz e d  q u a rtz  and c la y  m in e ra ls .
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F ig u re  6 8 . S m a ll  subhed ra l to  euhedral p r im a r y  p ro to d o lo m ite  w ith  
l a r g e r  e uhedra l secondary  p ro tod o lo m ite  rh o m b s . D o lo m itic  portion  
o f a  m o llu sk  lim e  w ackes tone . P ip e  C re e k . B a r s ca le  is  100 m ic ro n s .
F ig u re  6 9 . S E M  photom icrograph  o f p r im a r y  and secondary  proto­
d o lo m ite  fro m  the s am p le  shown in F ig u re  6 8 .  B a r  s ca le  is  50  m ic ro n s .
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S A M P L E D O L O M IT E  % IN S O L U B L E  % M o le  % 
S il t  C la y  M gC O g
2 6 -1 4 9 9 .9 0 .3 1 6 .0  4 3 .5
2 6 -1 5 9 9 .9 0 .2 1 2 .6  4 3 .2
7 -2 4 9 9 .9 0 .4 1 4 .5  4 8 .0
6 -3 3 1 0 0 .0 0 .3 1 3 .1  4 5 .5
R i 5 -8 9 9 .9 0 .1 1 3 .7  4 3 .0
R o 6 - 1 9 .4 9 9 .9 0 .4 1 3 .8  4 6 .0
R i 6 - 2 2 .9 1 0 0 .0 0 .2 1 5 .7  4 4 ,3  
1 4 .2  =  m ean
6 -3 5 5 4 .0 0 .1 5 .5  4 5 .5
6 -2 5 8 0 .0 0 .2 7 .4  4 4 .5
R o 4 -2 6 5 3 .0 0 .3 1 5 .7  4 4 .8
RO 6 -1 6 .5 5 5 .5 0 .3 1 1 .3  4 5 .5
Ro 4 -2 9 81 .0 0 .1 11 .4  4 8 .0  
1 0 .3  =  m ean
6 -5 6 1 6 .5 0 .1 5 .5  4 4 .5
26-1 4 4 .0 0 .3 8 .8  4 3 .0
D .  f i l l 1 9 .5 0 .2 8 .1  4 4 .5
R o 7 -1 2 0 .6 1 7 .0 0 .3 1 2 .4  4 5 .3
R i 6 - 1 9 .5 1 9 .5 0 .2 11 .1  4 5 .2
R o 4 -2 7 2 3 .5 0 .2 1 1 .1  4 5 .0
R o 7 -1 2 5 3 4 .0 0 .2 9 .5  4 3 .2
P C -1 3 4 .5 0 .4 9 .7  4 6 .5
R i 5 -9 4 5 .5 0 .3 5 .3  4 3 .5
R o 7—30 4 7 .0 0 .2 9 .1  4 6 .2  
9 .3  = m ean
6 -4 2 0 .1 0 .6 5 .5  4 4 .5
7 -1 8 .0 0 .2 7 .6  4 5 .5
D .  m a tr ix 8 .0 0 .3 5 .2  4 5 .0
R o 4 -6 4 .5 1 .0 0 .2 3 .1  4 8 .0  
5 .7  =  m ean
8 .9 8
T a b le  1 0 . C h a rt showing the  re la tio n s h ip  o f d o lo m ite  p ercen tage  to  
inso lub le  res idue  percen tage  in  s u rfa c e  and subsurface  (R o  and R i 
p re fix e s ) sam ples  fro m  th e  P ip e  C re e k  re e f  m a s s . P o ro s ity  values  a re  
fro m  H a s s e ll ( M . S .  th e s is  in  p ro g re s s ). T h e  s i l t  f ra c t io n  is  
q u a rtz  and g o e th ite . T h e  c l ^  fra c t io n  is  p re d o m in an tly  q u a rtz  w ith  
m in o r  amountts o f k a o lin ite , i l l i t e ,  and m o n tm o r illo n ite .
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F ig u re  7 0 .  S E M  photom icrograph  o f secondary  p ro to d o lo m ite  
th a t p a r t ly  re p la c es  a  m ic r it iz e d  m o llu s k  fra g m e n t. B a r  s c a le
is  50  m ic ro n s .
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X - r a y  d iffra c tio n  a n a ly s is  o f th e  c la y  fra c t io n  in d ica te s  the  
p resence  o f k a o lin ite , i l l i t e ,  m o n tm o r illo n ite , and q u a r tz . T h e s e  
m in e ra ls  w e re  p robab ly  d e r iv e d  fro m  th e  L lan o  re g io n  d uring  depos­
itio n  o f the  c ap rin id  r e e f  fa c ie s . S e v e ra l s tud ies  have re p o rte d  the  
assoc ia tion  o f do lo m ite  and c la y  m in e ra ls  in  th e  geo log ic  re c o rd  
(P a y to n , 1966; S c h m id t, 1969; M o s s ie r , 1 9 7 1 ). T h e s e  s tud ies  have  
proposed th a t adsorbed m agnesium  on p h y lo s ilic a te  c la y  m in e ra ls  can 
be the  so u rce  o f M g fo r  d o lo m itiz a t io n . O th e r w o rk e rs  have proposed  
th a t c la y  m in e ra ls  m ay  re a c t w ith  c a lc ite  to  fo rm  d o lo m ite  by the  
fo llow ing  re a c tio n  :
CaCO g +  HgO  +  m o n tm o rillo n ite  =
(P a ,M g )(C 03)2  +  S iO g  +  HgO  +  k ao lin ite  (Z e n , 1959) 
o r  a c t as  nucléation  s ite s  fo r  d o lo m ite  c ry s ta ls  (K a h le , 1 9 6 5 ). Could the  
c la y  m in e ra ls  in  the  c ap rin id  r e e f  fa c ie s  a t P ip e  C re e k  have acted as  
m agnesium  donors  o r  as  p hysica l s ite s  fo r  d o lo m itiza tio n ?
When c la y  m in e r a ls ,  notab ly  c h lo r ite , m o n tm o r illo n ite , and i l l i t e  
a re  d ischarged  by r iv e r s  in to  th e  m a rin e  e n v iro n m e n t, ra p id  cation  
exchange c a lled  h a lm y ro ly s is  occurs  (B e r n e r ,  1 9 7 1 ). R em ova l o f 
c a lc iu m  and potassium  fro m  the  c la y  m in e ra ls  is  concom ittant w ith  
m agnesium  and sodium  adsorp tio n  during  h a lm y ro ly s is  (K e l le r ,  1 96 3 ). 
T h e  m o la r  ra t io  o f adsorbed M g /C a  on c la y  m in e ra ls  can in cre a se  
fro m  0 .2  to  2 .2  a f te r  the  c lays  have been in  w a te r  fo r  tw o w eeks  
(R u s s e ll,  1 9 7 0 ). T h e r e fo r e ,  re la t iv e ly  high concentra tions o f M g  and
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N a  could have developed in  P ip e  C re e k  sed im ents  because o f the  
te rr ig e n o u s  c la y s  th a t w e re  deposited w ith  l im e  m u d , D uring  d ia ­
genesis  o f th e  C re taceous  sed im ents  adsorbed cations on the  c la y s , 
notab ly  M g ^ ^ , m a y  have been re le a s e d  in to  the  in te r s t it ia l  w a te rs  
(M an h e im  and S a y le s , 1 9 7 4 ). O th e r sources  o f m agnesium  w e re  a lso  
a v a ila b le . M i l io l id  fo ra m in ife rs  c o m p ris e  up to  5% o f the  b a c k re e f  
l im e  w ackestones a t P ip e  C re e k . Using an analogy to  Holocene  
fo r a m in ife r s ,  i t  has been assum ed th a t th e s e  in v e rte b ra te s  w e re  com ­
posed o f an a ve rag e  o f 14  m ole%  M gC O g (T a b le  3 ) .  I t  has been shown 
in  th is  d is s e rta tio n  th a t su b m arin e  cem ents  and in te rn a l sed im ents  
w ith in  th e  r e e f  fra m e w o rk  (T a b le  5 ) w e re  p robab ly  m agnesian c a lc ite . 
M ill im a n  (1 9 7 4 ) re p o rte d  th a t m o d e m  m agnesian  c a lc ite  su b m arin e  
cem ents  conta in  an a ve rag e  o f 15 m ole%  M g C O g . T w o  assum ptions  
can be m a d e . F i r s t ,  C re taceous  m a rin e  in te r s t it ia l  w a te r  p robab ly  
had a  M g /C a  ra t io  o f a p p ro x im a te ly  3 : 1 ,  th e  a ve rag e  va lu e  o f m odern  
n o rm a l s ea  w a te r .  S econd, th a t m agnesian  ca lo ttes  should have  
e q u ilib ra te d  w ith  the  connate m a rin e  w a te r  as suggested by B e rn e r  
(1 9 7 5 ), hence incre a s in g  the  M g /C a  v a lu e  o f  the  w a te r .
V o lu m e tr ic  e s tim a te s  o f  sed im ents  a t  P ip e  C re e k  w e re  m ade fro m  
isopachous m aps and c ro s s -s e c tio n s . T h e s e  e s tim a te s  and po in t 
count d a ta  enabled the  the  w r it e r  to  Calcu la te  the  hypothetical am ount 
o f M g + 2  a v a ila b le  fo r  d o lo m itiza tio n  during  e a r ly  b u ria l (A ppendix  C ) .  
R e su lts  o f  the  m ass balance c a lcu la tions  (T a b le  1 1 )  ind ica te  th a t the  
m a jo r  s o u rce (s ) o f m agnesium  w e re  su b m arin e  cem ents and in te rn a l
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M agnesium  S o u rc e  A v a ila b le  Mg'^^ (m o le s )
M il io l id  l im e  w ackestones  
C a p rin id  r e e f  cem ents  and in te rn a l
8 ,9  X lo"^
1 . 4 x  10® 
1 .7  X 10®
sed im ents
In te r s t it ia l  w a te r
T o ta l M g ^ 2  a v a ila b le 1 .6 6  X 10®
Mg"^^ in  p ro to d o lo m ite 4 ,9 4  X 10^
S u rp lu s  m agnesium 1 ,6 2  X 10®
T a b le  11 » M a s s  ba lance c a lcu la tions  th a t show th a t the  m agnesium  
re q u ire d  fo r  d o lo m itiza tio n  o f the  P ip e  C re e k  sed im ents  and rocks  
is  m udn le s s  than the  am ount a v a ila b le . M o s t o f th e  m agnesium  
w as p ro b a b ly  d e riv e d  fro m  su b m arin e  cem ents  and in te rn a l 
s ed im ents  w ith in  th e  r e e f  fra m e w o rk . T h e  la rg e  su rp lu s  a v a ila b le  
suggests th e  geo ch e m ica l sys tem  w as open, i . e .  a  la rg e  p ro ­
p o rtio n  o f th e  m agnes ium  w as flushed d o w n -d ip . T h e  da ta  is  
d e riv e d  ih  Appendix  C .
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s ed im e n t w ith in  the  r e e f  fra m e w o rk . T h is  da ta  a g re e s  w ith  Land and 
G o reau  (1970 ) who p ro jec ted  th a t th e  re -a r ra n g e m e n t o f m agnesium  
p re s e n t in  th e  Holocene r e e f  fra m e w o rk  a t D is c o v e ry  B a y , J a m a ic a  
would supply enough m agnesium  to  e fTective ly  d o lo m itiz e  a  la rg e  
p ro p o rtio n  o f  th e  re e fs  and surround ing  s e d im e n ts . T h e  only p lau sib le  
e xplanation  fo r  the  assoc ia tion  o f p ro tod o lo m ite  and c la y  is  th a t the  
la t t e r  acted as nucléation  s ite s  fo r  do lo m ite  c ry s ta ls  as proposed by 
K a h le  (1 9 6 5 ).
D o lo m ite  T r a c e  E le m e n t C h e m is try  : E le m e n ts  such as s tro n tiu m  and 
s o d iu m , often p resen t w ith in  m odern  and ancient d o lo m ite  sequences  
in  t r a c e  am ounts , a re  used to  im p ly  th e  sed im ent o r  ro c k  p o re  w a te r  
c h e m is try  a t the  t im e  o f d o lo m itiz a t io n . E xa m in a tio n  o f p ro to d o lo m ite  
s am p le s  using the  O R T E C  en erg y  d is p e rs iv e  s p e c tro m e te r  s ys tem  o f 
th e  J E O L  m odel J S M -2  scanning e le c tro n  m icro s c o p e  re ve a le d  th a t the  
s m a lle s t  p ro tod o lo m ite  euhedra  and subhedra  contained de tectab le  
s tro n tiu m  w hereas  the la r g e r  p ro to d o lo m ite  e uhedra  w e re  s tro n tiu m -  
p o o r and i r o n - r ic h , T h e  p o o r re p ro d u c a b ility  o f th ese  re s u lts  m akes  
these  observations qu e stio n ab le . A to m ic  absorp tio n  da ta  (T a b le  12) 
in d ica te s  th e  s m a lle r  p ro to d o lo m ite  th a t is  re s tr ic te d  to  th e  dolostones  
has lo w e r  s tro n tiu m  and sodium  v a lu es  than d o lo m itic  lim e s to n e s  th a t 
conta in  only la rg e  eu h ed ra . S tro n tiu m  values  (m e an  =  73 ppm ) 
f o r  P ip e  C re e k  dolostones a re  consis tent w ith  published va lu e s  fo r  
s tro n tiu m  (m ean  37 to  180 ppm ) in  o th e r ancien t dolostones (T a b le  1 2 ) .
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D O L O M IT E
M IN E R A L O G Y O R IG IN A G E N a (p p m ) S r(P P m ) R E F E R E N C E
D olostone S e c o n d a ry _ 251 -3 91 174 -181 W e b e r  (1 9 6 4 )
D o lo m ite S ec o n d a ry - 2 0 9 -2 6 4 8 4 .5 "
D o lo m ite S u p ra t id a l -  • 2 0 0 -9 0 0 - F r i t z  and K a tz  (1 9 72 )
D o lo m ite P r im a r y - 7 0 -2 0 0 "
D o lo m ite S e c o n d a ry - 150 - "
D o lo m ite H y d ro th e rm a l 100 - "
D o lo m ite S e c o n d a ry O rd . 190 37 B a d io zam a n i (1 9 73 )
L im e s to n e P r im a r y O rd , - 5 0 -1 8 0 "
D o lostone S u p ra t id a l E o c , 300 90 Land e t a l .  (1 9 75 )
D o lostone S u p ra t id a l O r d . - 5 0 -1 8 0
D o lo m ite S u b tid a l H o i. 1 0 1 0 -2 5 0 0 8 4 0 -9 7 0 B e h ren s  and Land (1 9 7 2 )
D o lo m ite S u p ra t id a l H o i. 1 7 8 0 -3 0 5 0 6 2 0 -6 4 0 i-and and Hoops (1 9 73 )
CI (ppm)
D olostone S ec o n d a ry C r e t . 87 N . D . N .D .
D o lostone S e c o n d a ry 77 1858 1168
D o lostone S e c o n d a ry 11 2180 3 390
D olostone S e c o n d a ry 100 1979 1337
D o lostone S e c o n d a ry 91 2628 990
D o lostone S ec o n d a ry 123 3 987 941
D o lostone S e c o n d a ry 33 630 1350
73 = ms an 2210  =
D o lo , lim e s to n e S e c o n d a ry 293 1498 N . D .
D o lo . lim e s to n e S e c o n d a ry 267 1366 N . D .
D o lo . lim e s to n e S e c o n d a ry 196 402 10
252 = m ean 1089 =
T h is  d is s e r ta tio n
T a b le  1 2 . S o d iu m  and s tro n tiu m  v a lu e s  fo r  lim e s to n e s  and do lostones fro m  the  l i te r a tu r e  and 
th e  re s u lts  o f ana ly se s  o f  the  s am e  e le m e n ts  in  do lostones and d o lo m itic  lim e s to n e s  a t P ip e  C r e e k ,  
D olos tone  r e fe r s  to  bu lk  ro c k  a n a ly s is  w h ere a s  d o lo m ite  to  a  s in g le  c ry s ta l a n a ly s is .
A l l  P ip e  C re e k  ana ly se s  by the  w r i t e r .
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K in sm an  (1 9 69 ) d e te rm in e d  th a t n o n -b io gen ic  c a lc ite  p re ­
c ip ita te d  in  e q u ilib r iu m  w ith  m a rin e  w a te r  should contain  a p p ro x im a te ly  
1200 ppm  s tro n tiu m . B ehren s and Land (1 9 72 ) used th is  da ta  to  p re ­
d ic t  th a t sub tid a l m a rin e  d o lo m ite s  should th e o re t ic a lly  contain  about 
6 00  ppm s tro n tiu m . T h e y  reasoned th a t a lm o s t 50% o f th e  cation s ite s  
in  the  d o lo m ite  la t t ic e  a r e  occupied by m a g n es iu m . T h e r e fo r e ,  
a ccord ing  to  B ehren s  and L a n d , substitu tion  o f  th e  r e la t iv e ly  la rg e  
s tro n tiu m  cation  fo r  c a lc iu m  in  the  d o lo m ite  should be about o n e -h a lf 
th e  am ount fo r  m a rin e  c a lc ite . Holocene s ub tida l d o lom ites  in B a ffin  
B a y , T e x a s  conta in  an a ve rag e  o f 800 ppm  s tro n tiu m  (T a b le  1 2 ), data  
th a t co m p are s  fa v o ra b ly  w ith  the  p red ic ted  v a lu e . T h e  re a d e r  should 
n o te , h o w e v e r, th a t the  reasoning  o f B ehren s and Land is  docum ented  
by only the  B a ffin  B ay exam  le  w hich could be p u re ly  c o in c id e n ta l.
L ow  s tro n tiu m  va lu e s  fo r  P ip e  C re e k  dolostones could ind ica te  
th a t the  p ro to d o lo m ite  rep laced  lo w -s tro n tiu m  l im e  m udstone o r  th a t  
th e  o r ig in a l content o f th e  p ro to d o lo m ite  has been flushed by fre s h  
w a te r .  I f  th e  in te r s t it ia l  w a te r  a t the  t im e  o f d o lo m itiz a tio n  was 
m a rin e , one could p re d ic t a  s tro n tiu m  v a lu e  o f 600  ppm  using the  
lo g ic  o f B ehrens and Land (1 9 7 2 ). M ix ed  w a te r  do lo m ite s  should con­
ta in  le s s  s tro n tiu m  than  th e ir  m a rin e  c o u n te rp a rts . T h e  o rig in a l 
s tro n tiu m  content o f p ro to d o lo m ite  w ith in  P ip e  C re e k  dolostones  
can only be im nplied by d e te rm in in g  w h eth er d o lo m itiz a tio n  occurred  
in  m a r in e , m ix e d , o r  fre s h  w a te r .  T h e  h ig h e r s tro n tiu m  values
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fo r  d o lo m itic  lim e s to n e s  a t  P ip e  C re e k  th a t contain  only la r g e , secondary  
pro to d o lo m ite  e u hedra  (T a b le  12) p robab ly  re f le c t  the  s tro n tiu m  con­
te n t o f the  n o n -d o lo m itic  p o rtio n  o f th e  lim e s to n e s  an a ly zed .
Sodium  v a lu e s  o f m o s t P ip e  C re e k  dolostones and d o lo m itic  
l im e s to n e s  a r e  e x tre m e ly  high when com pared  to  published v a lu e s  fo r  
o th e r an c ien t dolostones (T a b le  1 2 ) . D o lo m ite  a cq u ire s  sodium  as N a C l 
in c lu s io n s , f lu id  in c lu s io n s , la t t ic e  N a , and by contam ination  o f the  
d o lo m ite  by c la y  m in e ra ls  ( F r i t z  and K a tz , 1 9 7 2 ). An a tte m p t to  de­
te rm in e  the  am ount o f Na"*”̂  p re se n t as  N a C l by c h lo rid e  t itra t io n  
re ve a le d  an excess o f sod ium  o v e r c h lo rid e  in  the  do lostones. T h is  
excess p ro b a b ly  re fle c ts  the  p resence  o f c la y  m in e ra ls  th a t re le a s e d  
sodium  du rin g  acid  d igestion  o f the  do los tones , T h e  p resence o f c la y  
m in e ra ls  in v a lid a te s  the sodium  da ta  fo r  the  dolostones and d o lo m itic  
lim e s to n e s  a n a ly z e d .
T im in g  o f D o lo m itiz a tio n  ; A s  p re v io u s ly  m entioned , th e  s m a lle r  
p ro to d o lo m ite  euh ed ra -s u b h e d ra  re p la c e  only m a tr ix  w h ereas  the  la r g e r ,  
secondary  p ro to d o lo m ite  euhedra  p a r t ia l ly  re p la c e  m a tr ix  and a llo c h e m s . 
I f  l im e  m udstone w as re p laced  one m u s t account fo r  the  apparen t  
fa b r ic  s e le c t iv ity  o f the p ro to d o lo m ite . M o s t o f  the  lim e  mud w ith in  
the  s tudy a re a  w as p robab ly  the  product o f the  d is in teg ra tio n  o f 
codiacean a lgae  (a rag o n ite ) a n d /o r  b io lo g ica lly -in d u c e d  p hysical 
p re c ip ita tio n  o f a rag o n ite  n e ed le s . T h e  m a tr ix  o f l im e  m udstones and 
w ackestones is  g e n e ra lly  composed o f in te rlo c k in g  3 to  4  um d ia m e te r  
c a lc ite  po lyh ed ra  c a lled  m ic r i t e .  F o lk  (1965 ) noted th a t between
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10 and 1000 a lg a l a rag o n ite  needles w ould be re q u ie rd  to  produce one 
3  um  polyhedron  o f c a lc ite  (m ic r it e ) .  A  g iven  v o lu m e o f sed im ent 
com posed o f a rag o n ite  needles would have a  la r g e r  to ta l s u rfa ce  a re a  
than an e q u iva len t v o lu m e o f l im e  m udstone com posed o f c a lc ite  poly­
h e d ra . T h e  d iffe re n c e  in  re la t iv e  s u rfa c e  a re a  would enhance the  r e ­
a c t iv ity  o f a ra g o n itic  l im e  mud w ith  p o re  w a te rs . A s  the  M g /C a  v a lu e  
o f in te r s t it ia l  w a te r  in P ip e  C re e k  sed im en ts  in creased  during  in i t ia l  
b u ria l and inco ngruen t d isso lu tion  o f m agnesian  c a lc ite , d o lo m itiz a t io n  
o c cu rre d  as p re d ic te d  F o lk  and Land (1975 ; F ig .  7 1 ) . Because the  
p ore  w a te rs  in  th e  P ip e  C re e k  s ed im e n ts  p ro b a b ly  had re la t iv e ly  high  
m agnesium  v a lu e s  d uring  in it ia l  b u r ia l i t  is  possib le  th a t d o lo m itiza tio n  
o f l im e  m uds r a th e r  than l im e  m udstone o c c u rre d .
H o w e v e r, i f  p ro tod o lo m ite  rep la c ed  a ra g o n itic  l im e  m u d , o th e r
m in e r a ls ,  n o tab ly  c e le s tite  and f lu o r i te ,  should be p re s e n t. Holocene
P e rs ia n  G u lf  a ra g o n itic  mud contains o v e r 9300  ppm  s tro n tiu m  w hereas
m a rin e  d o lo m ite s  should contain a p p ro x im a te ly  600  ppm s tro n tiu m .
R e lea se  o f s tro n tiu m  during  m a rin e  d o lo m itiz a tio n  o f a ragon ite
-2
mud could p ro m o te  the  p re c ip ita tio n  o f c e le s t ite  i f  enough S O ^ w as  
a v a ila b le . C a rp e n te r  (1969) s ta ted  th a t m a rin e  a rag o n ite  contains an 
ave rag e  o f 1075 ppm  flu o rin e  as C a F g  in  its  la t t ic e .  C onversion  o f  
a rag o n ite  m ud to  d o lo m ite  under m a rin e  conditions should re le a s e  f l  
flu o r in e  th a t could be p re c ip ita te d  as C a F g  w ith  the d o lo m ite . A lle n  
(1 9 70 ) re p o rte d  the  occurrence  o f f lu o r ite  associa ted  w ith  beds im m ed ­
ia te ly  sub jacen t to  a  d o lom ite  sequence in  th e  E dw ards L im estone  fro m
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F ig u re  7 1 .  D ia g ra m  show ing the  re la tio n s h ip  o f c a lc iu m  carbonate  
phases in c lud ing  d o lo m ite  to  s a lin ity  and M g /C a  ra t io s  o f n a tu ra l  
w a te r s .  C irc le d  a re a  A  re p re s e n ts  th e  p ro b a b le  p o re  w a te r  com po­
s it io n  d u rin g  inco ngruen t d iss o lu tio n  o f m agnes ian  c a lc ite  in  the  
pre se n c e  o f m a rin e  in te r s t it ia l  w a te r .  In flu x  o f fre s h  w a te r  sh ifted  
th e  w a te r  com position  to w a rd s  B , C irc le d  a r e a  B  re p re s e n ts  
P ip e  C re e k  p o re  w a te r  com position  d u rin g  th e  fr e s h  w a te r  b u r ia l  
ph a se . Both a re a s  a re  conducive to  d o lo m itiz a t io n .
(A f te r  F o lk  and Land ,  1975)
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c e n tra l T e x a s , A lle n  fu r th e r  s u rm is e d  th a t th e  f lu o r in e , re le a se d  
d uring  th e  d o lo m itiz a tio n  o f a ra g o n itic  l im e  m u d , w as r e -p r e c ip i  ta ted  
below  th e  d o lo m ite  beds in  a  d iag en e tic  c ru s t under a c id ic  o r  w ea k ly  
a lk a lin e  con d itio n s . H andford (1976 ) has docum ented th e  occu rre n c e  
o f c e le s t ite  and f lu o r ite  associa ted  w ith  m a rin e  do lo m ite  a f te r  a rag o n ite  
in  th e  M o n teag le  L im estone  (M is s is s ip p ia n ) o f n o rth e a s te rn  A la b a m a .
P erh a p s  th e  m ost tenab le  e xp lanatio n  fo r  d o lo m itiza tio n  a t  
P ip e  C re e k  is  the  concept o f m ixed  w a te r  d o lo m itiz a tio n  o r  ’’D o ra g "  
as proposed by B ad iozam an i (1 9 7 3 ). C a lcu la tio n s  by B adiozam ani 
in d ica te  th a t m e te o ric  w a te r  m ixed  w ith  up to  30% m a rin e  w a te r  causes  
u n d e rsa tu ra tio n  w ith  re s p e c t to  c a lc ite  c o n cu rre n t w ith  d o lo m ite  
s u p e rs a tu ra t io n . C a rp e n te r  (1975 ) argued th a t th e  c a lcu la tio n s  used by  
B ad io zam a n i to  support the  D orag  m ode l a re  p a r t ly  in c o rr e c t .  H o w e v e r, 
a t th e  p re s e n t t im e  geochem ists  a r e  unable to  re s o lv e  the  c o n tro v e rs y . 
A p p lic a tio n  o f the  D o rag  m odel to  th e  P ip e  C re e k  ro c ks  re q u ire s  
th e  c onvers ion  o f a ra g o n itic  mud to  l im e  m udstone be fo re  d o lo m itiz a t io n . 
T h e  absence o f c e le s t ite  and f lu o r ite  is  in d ire c t  evidence th a t th e  p ro to ­
do lo m ite  re p la c ed  lim e  m udstone ra th e r  than  a rag o n ite  m ud .
L a te r ,  as fre s h  w a te rs  en te red  th e  s e d im e n ts , la r g e r  s econdary  
p ro to d o lo m ite  euhedra  rep laced  a llo c h e m s  and m a tr ix .  B ack e t a l .
(1 9 66 ) re p o rte d  th a t the  w a te rs  o f the  F lo r id a  a q u ife r  becam e p ro ­
g re s s iv e ly  s a tu ra te d  w ith  re sp e c t to  c a lc ite  and do lo m ite  aw ay fro m  
the  u p -d ip  re c h a rg e  a r e a . O th e r in v e s tig a to rs  (H anshaw  e t a l . ,  1971; 
F o lk  and L a n d , 1975; Land e t a l . ,  1975) have shown th a t p ro to d o lo m ite
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can be p re c ip ita te d  fro m  fre s h  w a te r  having M g /C a  v a lu es  les s  than  
one. In flu x  o f fre s h  w a te r  during  b u r ia l a t P ip e  C re e k  p robab ly  g ra d u a lly  
lo w ere d  the  M g /C a  v a lu e  and s a lin ity  o f th e  in te r s t it ia l  w a te r  un til 
th e  g ro w th  o f p ro to d o lo m ite  w as fa v o red  (F ig  . 7 1 ) .  T h e s e  fre s h  
w a te r ,  s eco n d ary  p ro to d o lo m ite  rhom bs a re  la r g e r  and m o re  c le a r  
than th e i r  p re d ec e ss o rs  because o f s lo w e r  c ry s ta l g row th  fro m  fre s h  
w a te r .
In v e rs io n  o f S k e le ta l A ra g o n ite  : S om e c a p r in id s , re q u ie n iid s , gastropods, 
and u n id e n tifia b le  m o llu s k  fra g m en ts  a r e  p re s e rv e d  by in ve rs io n  te x tu re s  
in  th e  c a p rin id  r e e f  fa c ie s . C h a ra c te r is t ic s  o f the  C re taceous  
pseudospar include : s lig h tly  curved  c ry s ta l boundaries  th a t do not 
fo rm  e n fa c ia l ju n c tio n s , a  l in e a r  a rra n g e m e n t o f  d a rk  brow n inclus ions  
th a t tra n s e c t c a lc ite  m o s a ic  and continues a cro s s  c ry s ta l boundaries  
(F ig .  7 2  and 7 3 ) ,  fe in t brow n c o lo r ,  and s lig h t ly  undulose extinc tion  
(T a b le  8 ) .  In  som e cases the pseudospar pe n etra tes  th e  surrounding  
m a tr ix  along a  jagged re c ry s ta ll iz a t io n  f ro n t ( F ig . 7 4 ) .  A s  p re v io u s ly  
d iscu ssed , in v e rs io n  p robab ly  o c cu rre d  d uring  th e  m a rin e  pore  w a te r  
phase o f e a r ly  o r  in it ia l  b u r ia l .
D is tr ib u tio n  o f in ve rs io n  te x tu re s  w ith in  th e  l im e  g ra inston es  
th a t com pose th e  carbonate  sand body (u n its  I la -c )  suggests th a t these  
sed im ents  m a y  have been a ffected  by fre s h  w a te r  d uring  deposition .
P o in t count da ta  fro m  f iv e  v e r t ic a l  tra n s e c ts  through th e  outcropping  
po rtio n  o f th e  sand body ind ica tes  in v e rs io n  te x tu re s  a re  m ost com m on  
in  upper o ffshore  and backshore  sed im ents  and m o llu s k  m olds a re
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F ig u re  7 2 .  P h o to m ic ro g rap h . Pseudospar rep la c in g  a  caprin id  
s ke le to n . F a in t s h e ll lam in a e  a re  v is ib le .  B a r  s ca le  is  250 m ic ro n s .
F ig u re  7 3 . P ho tom icro graph  o f pseudospar re p la c in g  the  o u te r  
s h e ll w a ll o f a  re q u ie n iid  ru d is t . G row th lam in a e  a re  p re s e rv e d . 
B a r sca le  is  250 m ic ro n s .
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F ig u re  7 4 . P ho tom icro graph  showing pseudospar rep la c in g  cap rin id  
and m a tr ix  along a  jagged reac tion  f r o n t .  B a r  s ca le  is  1 c m .
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F ig u r e  7 5 .  D is tr ib u tio n  o f m o llu s k  d ia g e n e tic ,te x tu re s  in  th e  P ip e  C r e e k  u n it I I  ro c k s . •
m o re  com m on in  fo re s h o re  beds (F ig .  7 5 ) . T h e  d is tr ib u tio n  o f m o ld ic  
v s .  in v e rs io n  te x tu re s  suggests th a t th e  sand body acted as a  m e te o ric  
w a te r  in ta ke  a re a  p r io r  to  th e  b u ria l o f the  s e d im e n ts . M e te o r ic  w a te r  
und e rsa tu ra te d  w ith  re s p e c t to»CaCOg p e rco la te d  dow nw ard through the  
sed im e n ts  and e ffected  d isso lu tio n  o f a rag o n ite  m o llu s k  fra g m en ts  in  
th e  fo re s h o re  beds . E m erg e n c e  o f the  sand body m a y  have been th e  
re s u lt  o f s to rm s  w hich  e ffe c t iv e ly  p iled  carbonate  sand above m ean  
s ea  le v e l.  A  s im i la r  s itu a tio n  occurs  w ith in  m odern  carbonate  sand  
bodies on th e  Y u ca ta n  P la tfo rm  (F o lk ,  1 9 6 7 ). M o llu s k  m olds  a r e  
outlined  by non -co llap sed  m ic r i te  r im s  ( F ig .  7 6 ) , evidence th a t the  
p re c ip ita tio n  o f equant in te rg ra n u la r  s p a r r y  c a lc ite  cem ent p reven ted  
th e  co llapse  o f th e  m o ld s . T h e  CaCO g re q u ire d  fo r  cem enta tion  w as  
pro b a b ly  p rov ided  fro m  a rag o n ite  d isso lu tion  as proposed by B a th u rs t  
(1 9 5 8 ). A s  a rag o n ite  w as d isso lved  in. th e  upper p o rtio n  o f th e  fo re ­
s h o re , m a rin e  w a te r  in  th e  backshore  and upper o ffshore  beds 
becam e in c re a s in g ly  s a tu ra te d  w ith  re s p e c t to  c a lc ite . W hen  
s u p ers a tu ra tio n  o c cu rre d  a  th in  rin d  o f isopachous equant s p a r r y  c a l­
c ite  w as p re c ip ita te d  in  p o re  spaces in  the  backshore and upper off­
sh o re  beds (F ig .  7 7 ) .
A  s im i la r  d is tr ib u tio n  o f m o ld ic  v s .  in ve rs io n  te x tu re s  w as  
re p o rte d  fo r  C re ta ce o u s  carbonate  beach sequences fro m  the  E dw ards  
Lim estone (M o o re  e t  a l . ,  1972) and th e  Cow  C re e k  L im esto n e  (In d e n , 
1 9 7 2 ). T h e se  sequences a re  c h a ra c te r iz e d  by beachrock lith o c la s ts .
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F ig u re  7 6 .  P ho tom icro graph  showing m o ld ic  p o ro s ity  developed  
in  a  fo re s h o re  l im e  g ra ins ton e-p acks tone  a t P ip e  C re e k . Non­
collapsed m o llu sk  m o lds  have been s lig h tly  en la rged  d u rin g  m ost 
re ce n t d isso lu tion  ph a se . B a r  sca le  is  250  m ic ro n s .
F ig u re  7 7 .  P ho tom icro graph  o f te x tu re  in  upper o ffshore  lim e  
packstone to  g ra in s to n e . P ip e  C re e k . N o tic e  the  h ig h e r p ro ­
p o rtio n  o f in v e rs io n  te x tu re s  than in  F ig u re  8 4 . B a r  s ca le  is  1 c m .
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keystone v u g s , in te r t id a l cem ents , and an overly in g  ca lich e  a n d /o r  
s u p ra -tid a l d o lo m ite . W ith  the  exception o f one o r  tw o  possib le  
beachrock lith o c la s ts  in  th e  Odum c o re , none o f these  fe a tu re s  a r e  
p re se n t in  th e  P ip e  C re e k  sand body. S in ce  th e  d istance  betw een the  outcrop  
and the  Odum c o re  is  4  km  (F ig .  1 ) ,  i t  is  possib le  th a t p o rtions  o f  
th e  sand body now in  the  subsurface  w e re  e m erg e n t as beaches th a t  
acted as in ta ke  a re a s  fo r  m e te o ric  w a te r .  T h e  tre n d  o f m o ld ic  v s .  
in v e rs io n  te x tu re s  w ith in  the  sand body c e r ta in ly  suggest th a t a  fre s h  
w a te r  lens  w as p re se n t during  d eposition . S h e lf  subsidence and ensuing  
b u r ia l re su lte d  in  d isp ers io n  o f the  len s  and a  re tu rn  to  m a rin e  in te r ­
s t i t ia l  w a te r  cond itions . D u rin g  b u ria l the  re m a in in g  a ra g o n itic  m o llu sk  
fra g m en ts  w e re  in v e rte d  to  c a lc ite  in  th e  presence  o f m a rin e  w a te r .
In v e rs io n  te x tu re s  a re  not the  dom inant te x tu re s  in  o th e r  
sed im ents  o f  th e  c ^ r in id  r e e f  fa c ie s . A p p ro x im a te ly  22  p e rc e n t o f 
the  ta b u la r  r e e f  c ap rin id s  and 5 pe rce n t o f the mound c ap rin id s  a r e  
p re s e rv e d  a s  in v e rs io n  te x tu re s . T h e  re m a in in g  c ap rin id  have under­
gone d is s o lu tio n -p ré c ip ita t io n  (F ig . 7 8 ) . T h e  re c ry s ta ll iz a t io n  p ro ­
cess seem s to  have been in te rru p te d , perhaps by a  change in in te r ­
s t i t ia l  w a te r  c h e m is try , be fo re  neom orphism  w as com p le te d .
T h e re fo re  fre s h  w a te r  p robab ly  en te red  the  cap rin id  r e e f  fa c ie s  
sed im ents  d u rin g  the  e a r ly  stage o f b u r ia l .  R eg ional m e te o ric  w a te r  
could have evo lved  durin g  deposition o f the  extens ive  t id a l f la ts  th a t  
o ccu r in  th e  upperm ost portio n  o f the L o w e r  M e m b e r  and the  e n tire  
U p p e r M e m b e r  o f th e  G len Rose; during  re g re s s io n  and developm ent
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F ig u re  78  « P ho tom icro graph  th a t shows a  c aprin id  rep laced  
by s p a r r y  c a lc ite  euhedra» T h e  a ra g o n itic  s h e ll w a ll w as  
d isso lved  and the  re su ltin g  m old f i l le d  by cem e n t. T h e  cem ent 
has been subsequently  p a r t ly  lea c h ed . M o ld  o f the  rü d is t is  
outlined  by a  m ic r ite  r im .  P ip e  C r^ e k  c ap rin id  m ound.
B a r  s ca le  is  250 m ic ro n s .
F ig u re  7 9 .  P ho tom icro graph  o f a  m o llu sk  m old fi l le d  w ith  P ^E  
s p a r r y  c a lc ite ..  N on -co llapsed  m ic r ite  r im  shows tha t d isso lu tion  
o f a rag o n ite  s h e ll m a te r ia l was accom panied by in te rg ra n u la r  
c em entation  tha t prevented  r im  c o lla p s e . B a r sca le  is  250  m ic ro n s .
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o f the  re g io n a l u n conform ity  th a t m a rk s  th e  top o f the  F re d e ric k s b u rg  
G roup; o r  durin g  u p lift o f th e  E dw ards  P la te a u  in  th e  e a r ly  M io c e n e .
G avish  and F r ie d m a n  (1 9 69 ) showed th a t in v e rs io n  o f a ll  s k e le ta l  
arag o n ite  in  T e r t ia r y  and Q u a te rn a ry  s h a llo w  m a rin e  carbonate  sed­
im en ts  fro m  Is r a e l  w as accom plished  in le s s  than 2 0 0 ,0 0 0  y e a r s .  
T h e r e fo r e ,  th e  p o s s ib ility  th a t a rag o n ite  re m a in e d  in  th e  cap rin id  
r e e f  fe c ie s  sed im ents  and rocks  u n til the  M io c en e  is  u n lik e ly .
F in a l Incong ru e n t D is so lu tio n  : Connate w a te rs  in  th e  G len  Rose  
R e e f In te rv a l cap rin id  r e e f  fa c ie s  becam e p ro g re s s iv e ly  fre s h  durin g  
b u ria l when u p -d ip  (L la n o w a rd ) m e te o ric  w a te r  in take  a re a s  w e re  
e s tab lish e d . A s  p re v io u s ly  d iscu ssed , m agnes ian  c a lc ite  w ith in  the  
sed im ents  had undergone p a r t ia l  inco ngruen t d iss o lu tio n  to  in te r ­
m e d ia te  m agnesian  c a lc ite  in  the  p resence  o f m a rin e  in te r s t it ia l  
w a te r .  W hen f r e s h e r  p o re  w a te rs  e n te red  th e  s ed im e n ts , fu r th e r  in ­
congruent d isso lu tion  rem o ved  the  re m a in in g  m agnesium  fro m  
c o ra llin e  a lg a e , ech in o id s , m ilio l id s ,  s u b m arin e  cem e n ts , and 
p 3 lle ted  in te rn a l s e d im e n ts ,' re su ltin g  in  th e ir  s ta b ila iz a tio n  as ca l­
c ite . T h e  M g /C a  va lue  o f the  in te r s t it ia l  w a te r  p robab ly  v a r ie d  con­
s id e ra b ly  i f  th e  sys tem  w as open, i . e .  i f  th e  h y d ro s ta tic  head developed  
u p-d ip  w as o f g re a t enough m agnitude to  keep in te r s t it ia l  w a te r  
flow ing  throug h the  sed im ents(B enson et a l . ,  1 9 7 2 ).
A ra g o n ite  D isso lu tion  ; D u rin g  th is  fre s h  w a te r  phase m o st o f th e  m o llu sk s  
th a t w e re  o r ig in a lly  a rag o n ite  w e re  sub jected  to  d iss o lu tio n . S p a r r y  
c a lc ite  w as p re c ip ita te d  in  m olds  th a t developed as w e ll as w ith in
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in te rg ra n u la r  p o re s . T h is  c a lc ite  (F ig ,  79 and 8 0) is  d is tigu ished  fro m  
pseudospar by its  c la r i ty ,  la c k  o f in c lu s io n s , and p la n a r  c ry s ta l 
boundaries (T a b le  8 ) .  Inco m p le te  cem entation  w ith in  som e m olds  
o r  la t e r  d isso lu tion  o f c a lc ite  by m odern  g roundw aters  has re su lte d  
in  the  re ten tio n  o f som e secondary  p o ro s ity  ( F ig , 76  and 7 8 ) .
T h e  c a lc it ic  o u te r s h e ll w a ll o f re q u ie n iid  ru d is ts  has re ­
c ry s ta ll iz e d  to  pseudospar (N ^E g_g o r  N ^ F ^_ ^) th a t contains the  sam e  
c h a ra c te r is tic s  as c ap rin id  in ve rs io n  te x tu re s  (F ig .  7 9 ) . T h e  th in n e r  
s h e ll w a ll w as d is s o lv e d , then f i l le d  by c le a r  s p a r r y  c a lc ite  euhedra  
(P g E g ) th a t have p la n a r  boundaries  and la c k  tra c e s  o f  o r ig in a l s h e ll • 
s tru c tu re . T h a l l i  o f th e  ch lo rophyte  A c ic u la r ia  com anchense a re  f i l le d  
by s im i la r  s p a r r y  c a lc ite  euhedra  (P g E g ^ g ), S p o ra n g ia , once hollow  
tubu les  w ith in  the  th a llu s , a re  f i l le d  w ith  m ic r i te  (F ig .  8 0 ) . M o d ern  
dasycladacean a lgae  a r e  enclosed by a  sheath  o f a rag o n ite  (B a th u rs t, 
1 9 7 1 ). Upon th e  death o f th e  o rgan ism  and ensuing de ca y  o f o rg an ic  
t is s u e , a  vo id  space is  c rea te d  th a t can la t e r  be f i l le d  by cem e n t.
B esides re q u ie n iid s , o th e r  fo s s ils  th a t w e re  o r ig in a lly  c a lc ite  w ere  
u na ltered  durin g  d iag en e s is . A ra g o n itic  la y e rs  w ith in  o y s te r  sh e lls  
w e re  d isso lved  and f i l le d  w ith  equant s p a r ry  c a lc ite . In o c e ra m id s , 
r a r e ly  p re s e n t, a re  recogn ized  by the c h a ra c te r is t ic  la y e r  o f p r is m a tic  
c a lc ite  th a t com posed th e ir  m esostracum  (Johnson, 1 9 7 1 ). O th e r p o r­
tio n s  o f th e  s h e ll w e re  d is s o lv e d .
L ith if ic a t io n  o f M u d -S u p p o rte d  S ed im e n ts  ; L im e  mud com posed o f
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F ig u re  8 0 . P ho tom icro graph  o f dasycladacean a lgae  and a  m o llu sk  
m o ld . Both th e  m o llu sk  s h e ll and the  th a l l i  o f the g re en  a lg a  have  
been disso lved  and rep laced  by s p a r ry  c a lc ite  (P g E  v a r ie ty ) .
A lg a l u tr ic le s  a re  f i l le d  w ith  m ic r i te .  P ip e  C re e k . B a r  s c a le  
is  250 m ic ro n s .
F ig u re  8 1 . P ho tom icro graph  o f pseudospar rep lac ing  m ic r i te  of 
l im e  wackestor.e in  the  b a c k re e f fa c ie s  a t P ip e  C re e k . Note th e  
m ic r ite  inc lus ions w ith in  c ry s ta ls  and along c ry s ta l bou n d aries . 
B a r  s ca le  is  250 m ic ro n s .
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a rag o n ite  and m agnesian  c a lc ite  co n vert to  m ic r ite  w ith  t im e . T h e  
te r m  " g ra in  grow th" was used by B a th u rs t (1958 ) to  d e sc rib e  the  mud  
to  m ic r ite  co n ve rs io n . He fe l t  th a t m ic r i te  (m ic r o -c ry s ta ll in e  c a lc ite )  
fo rm e d  by so lu tion  and p re c ip ita tio n  o f overg ro w th  cem ent on p re ­
e x is tin g  n u c le i. F o lk (1 965 ) argued in  fa v o r  o f h is  concept o f porphyro id  
neom orphism  w h ere  g ra in s , s ta rt in g  fro m  n uc le i spaced 1 to  5 um  
a p a r t , g ro w  in  th e  p resence o f flu id s  u n til they  coalesce  in to  m ic r i te .
T h is  m ic r ite  is  com posed o f an h ed ra l c a lc ite  c ry s ta ls  th a t have d ia m e te rs  
betw een 3 and 5 u m . T h e  o r ig in a l m asses  o f c a lcareo u s  needles o r  
p lates  and th e  vo id s  between them  a re  th e re b y  re p la c e d .
M o s t o f th e  n o n -re e f l im e  w ackestones w ith in  th e  cap rin id  r e e f  
fa c ie s  have converted  to  m ic r i te .  A  re v ie w  o f t!ie  l i te r a tu r e  presented  
by B a th u rs t (1 9 71 ) points out th a t fre s h  w a te r  seem s to  be re q u ire d  fo r  
the  convers ion  o f sha llow  m a rin e  lim e  mud to  l im e  m udstone. H o w e ve r, 
in te rn a l s ed im en ts  o f m odern  re e fs  com posed, to  a  la rg e  e x ten t, 
o f l im e  m ud , are thorou gh ly  cem ented under m a rin e  cond itions .
E v id e n tly  the  in te r s t it ia l  w a te r  c h e m is try  o f re e fs  ,  perhaps influenced  
by o rg a n ic  decay a n d /o r  photosynthesis , is  often conducive to  the p re ­
c ip ita tio n  o f  c a lc iu m  carbonate  cem ents (S c h ro e d e r and Z a n k l, 1 97 4 ). 
N e ith e r  the  th ic k  sequence o f l im e  mud d ir e c t ly  behind the  c o ra lg a l 
re e f  a t  D is c o v e ry  B a y , J a m a ic a  n o r the  lim e  mud o f F lo r id a  Bay  
w hich both conta in  m a rin e  in te r s t it ia l  w a te rs  show  any evidence o f 
l i th if ic a tio n  in  the  m a rin e  enviro n m e n t (B e r n e r ,  1971; M o o re , 1974 ,
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pe rso n a l com m u n ic a tio n ). C lo s e  exam ination  o f b a c k re e f sed im ents  
a t P ip e  C re e k  d id  not p ro v id e  a r y  evidence th a t these  sed im ents  w ere  
cem ented as hardgrounds during  dep o sitio n . In  som e s am ples  the  
C re taceo u s  m ic r ite  has r e c ry s ta ll iz e d  to  m ic r o -  and pseudo spar.
T h e  m ic ro s p a r  often contains num erous " f lo a tin g ” pe lo ids  th a t a re  not 
m u tu a lly -s u p p o rt iv e . M a n y  i r r e g u la r  patches o f m ic r ite  oc cu r w ith in  
m ic ro s p a r  c ry s ta ls  and betw een c ry s ta l b oundaries . T h e  o v e ra ll  
d is tr ib u tio n  o f m ic ro s p a r  is  ra n d o m , in  m any th in  sections i t  is  absent. 
O ften  the  m ic ro s p a r  has grow n in to  pseudospar (N .E ^ ) th a t has re su lte d  
fro m  porphyro id  neom orphism  o f th e  m ic ro s p a r (F ig .  8 1 ) .
T e rr ig e n o u s  c la y  m in e ra ls  in  quan tities  exceeding 2 .0 %  a re  thought 
to  enhance tine r e c ry s ta ll iz a t io n  o f m ic r ite  fcy p rov id ing  nucléation  s ites  
fo r  c a lc ite  (F o lk ,  196% B ausch, 1 9 6 8 ). F re s h  w a te r  also prom otes  
m ic r i te  r e c ry s ta ll iz a t io n  (F o lk ,  1 9 7 4 ). A n  a n alys is  o f th e  inso lub le  
re s id u e  content o f n o n -d o lo m itic  P ip e  C re e k  l im e  w ackestones shows an  
ap p are n t c o rre la tio n  betw een c la y . m in e ra ls  p lus c la y  s ize d  q u a rtz  and 
th e  o c currence  o f re c ry s ta ll iz a t io n  (T a b le  1 3 ) . S am p le s  th a t contain  
1 .5 5  to  2 .0 3  p e rce n t inso lub le  re s id u e  contain  an a ve rag e  o f 15% m ic r o -  
and pseudospar. X - r a y  d iffra c tio n  ind ica tes  q u a r tz , i l l i t e ,  and 
k a o lin ite  c o m p ris e  the c la y  fra c t io n . T h e  asso c ia tio n  o f te rrig e n o u s  
c la y  m in e ra ls  w ith  m ic r i te  r e c ry s ta ll iz a t io n  in  th e  P ip e  C re e k  sed im ents  
is  consis tent w ith  e a r l ie r  re s e a rc h  on re c ry s ta ll iz a t io n  fa b r ic s  in  l im e  
m udstones. A p p a re n tly  te rr ig e n o u s  c lay  m in e ra ls  do p ro v id e  nuclei 
fo r  m ic r o -  and pseudospar as suggested by F o lk  (1 9 6 5 ).
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IN S O L U B L E
S A M P L E % IN S O L U B L E % M IC R O -P S E U D O S P A R  M IN E R A L S
5 9 4 5 -Q 1 .4 6 4 .0 K , Q , I
5 9 4 5 -R 0 ,5 7 2 .1
5 9 4 5 -A - 1 .3 2 6 .0
5 9 4 5 -Z 0 .3 6 0 .5
5 9 4 5 -E E 0 .4 7 2 .5 K , Q , I ,
5 9 4 4 -E 1 .5 2 1 9 .0
5 9 4 4 -0 1 .5 4 2 7 .5 K , Q , I
5 9 4 5 -N 1 ,7 3 2 5 ,5
5 9 4 5 -T 1 .6 7 1 8 ,0
5 9 4 5 -F 2 .0 6 4 1 ,5
Q  ; q u a rtz K  ; k ao lin ite  M : m o n tm o rillo n ite  I  : i l l i t e
T a b le  1 3 , C o m p ariso n  o f inso lub le  re s id u e  percentage  
w ith  the  am ount o f re  c ry s ta ll iz e d  m a tr ix  fo r  
back r e e f  l im e  w ackestones fro m  P ip e  C re e k ,
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T h is  sec tio n  has d e a lt w ith  te x tu ra l changes th a t a ffected  the  
s ed im ents  com posed o f a ra g o n ite , m agnesian  c a lc ite , and c a lc ite  during  
a  pe rio d  o f pronounced p ore  w a te r  com position  change. In ve rs io n  a n d /o r  
d isso lu tion  o f a ra g o n itic  in v e r te b ra te  s ke le to n s , c onvers ion  o f l im e  
mud to  l im e  m udstone, r e c ry s ta ll iz a t io n  o f som e m ic r i t e ,  incongruent 
d isso lu tion  o f m agnes ian  c a lc ite , cem entation  by s p a r r y  c a lc ite ,  
and th e  grow th  o f p r im a r y  and secondary  d o lo m ite  a l l  o c cu rre d  d uring  
th is  d iag en e tic  phase . In troduction  o f fre s h  w a te r  to  th e  sed im ents  
prom oted  th e  m in e ra lo g ic a l change to  re la t iv e ly  s ta b le  ca lc iu m  c a r ­
bonate phases c a lc ite  and protodolom nite . T h e  next s ec tion  is  an  
a tte m p t to  use t r a c e  e le m e n t c h e m is try  o f cem ents and i.llochem s to  
fu r th e r  s u b stan tia te  th e  above p é tro g ra p h ie  in te rp re ta ti* ..n s .
T r a c e  E le m e n t C h e m is try  : E le m e n ts  such as m agnesiu n , s tro n tiu m , 
i r o n , and so d iu m , g e n e ra lly  p re se n t in  tra c e  am ounts in  lim e s to n e , 
a re  p a r t ic u la r ly  usefu l when com bined w ith  cem ent m orphology in  
d e te rm in in g  th e  o r ig in a l p o r^  w a te r  c h e m is try  and e vo lu tion  o f Holocene  
rocks  and sed im e n ts  (F o lk ,  1 9 7 4 ). U n fo rtu n a te ly , e x tra p o la tio n  o f 
s im i la r  techniques to  anc ien t rocks  is  d if f ic u lt  because o f m in e ra lo g ic a l  
changes in  response to  changing in te r s t it ia l  w a te r  com position  through t im e .  
F o r  e x a m p le , Benson e t a l . ( 1972) found th a t th e  m agnesium  and iro n  
content o f M e s o z o ic  and P a le o zo ic  c a lc ite  cem ents  is  h ig h ly  v a r ia b le .
In som e cases the  t r a c e  e le m e n t com position changes a t a  p é tro g ra p h ie  
boundary betw een cem ent g e n e ra tio n s . In  o th e r cases th is  re la tio n s h ip  
is  not o b s erv e d .
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G e n e ra lly , is  a  la r g e  cation  th a t is  m o st e a s ily  accom odated
w ith in  th e  a rag o n ite  la t t ic e  w h ere a s  m agnesium  and fe r ro u s  iro n  
a r e  p re fe rre d  by c a lc ite  and d o lo m ite  la tt ic e s  (D e e r  e t a l . ,  1966) 
because o f th e ir  s m a lle r  io n ic  r a d ii .  H o w e ve r, m in o r  am ounts  
o f S r  a re  p re se n t in  m ost c a lc ite  and s m a ll am ounts o f m agnesium  
a r e  re p o rte d  fro m  a ra g o n ite . T h e r e fo r e ,  th e  v a r ia b il i ty  o f t ra c e  
e le m e n ts  in  n a tu ra lly -o c c u rr in g  o rg a n ic  and in o rg a n ic  c a lc iu m  c a r ­
bonate is  la rg e  but som ew hat p re d ic a ta b le  (T a b le  1 4 ) .
T h e  presence  o f sod ium  in  m ic r i t ic  Holocene in te r t id a l cem ents  
w as re p o rte d  by M o o re  (1 9 7 0 ). Land e t a l .  (1975 ) s u m m a riz e d  the  
published d a ta  on sodium  in  m a rin e  d o lom ites  (T a b le  1 2 ) . E v id e n tly  
th e  absence o f th is  m onovalent cation  in  sea  w a te r  a llo w s  i t  to  be 
in co rp o ra te d  in to  CaCO g la t t ic e s  th a t p r e fe r  d iv a le n t c a tio n s . T h e  io n ic  
ra d iu s  o f Na is  v e r y  c lose  to  th e  ra d iu s  o f C a  (D e e r  e t a l . ,  1 9 6 6 ).
A n a ly s is  o f cem ent t r a c e  e le m e n t c h e m is try  fo r  th e  G len  Rose  
R e e f In te rv a l cap rin id  r e e f  fa c ie s  using the  O R T E C  s ys tem  o f th e  
scanning e le c tro n  m icroscope  proved  a b o rtiv e  because re s u lts  w e re  not 
c onsis ten t and the  q uan tities  p re s e n t w e re  p ro b a b ly  be low  the  lo w e r  
l im i t  o f de tection  fo r  the  s y s te m . F o r tu n a te ly , m any o f th e  sam ples  
contained cem ents  th a t w e re  la rg e  enough to  be rem o ved  using a  denta l 
d r i l l .  T h e  s am p les  w ere  analyzed  using s tandard  a to m ic  absorptio n  
te c h n iq u es .
A l l  th e  C re taceous  sam p le s  fro m  P ip e  C re e k  analyzed  a re  
c a lc ite s  th a t g e n e ra lly  contain  v e r y  l i t t le  M g and F e  (T a b le  1 5 ) .
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C ernen t M o rp h o lo g y  
o r  A llo c h e m A ge
Mole %
W t. % Fe  S r (p p m ) N a (p p m ) R e fe re n c e
Equant c *  ■ - - - 1200 - K in s m an  (1 9 6 9 )
E q u a n t-f ib ro u s C * * - - - 7 0 0 -1 0 0 0 0 -
E q u a n t-f lb ro u s 350 "
F ib ro u s A H o i. 0 ,1 4 - .3 1 7 5 4 2 -9 2 4 9 M o o re  (1 9 7 3 )
B laded M C H o i. 1025 "
M ic r i t ic M C H o i. 1 8 .7 3 1 1 8 2 -2 7 3 6 - "
M ic r i t ic A H o i. - - 4580 M o o re  (1 9 7 0 )
M ic r i t ic M C H o i. 1 3 .0 - 1 5 .0 - A le xa n d e rss o n  (1 9 7 2 )
Equan t C C r e t . 0 .3 2 - 2 .7 2  0 .0 6 - , 26 Benson e L  a l .  (1 9 7 2 )
Equan t C Penn,. 2 .4 3 0 .1 3 "
Equant C M is s ,. 0 .1 6 0 .1 2
E quant C D e v . 0 .6 9 0 .0 5 -
O o lite A H o i. 0 .1 B - .2 8 9800 K in s m an  (1 9 6 9 )
O o lite A H o i. 0 .1 9 - . 8 2 9590
C o ra l A H o i. 0 .3 3 - . 6 4 - 8500 - "
C h lo ro p h y te  a lgae A H o i. 0 .1 4 - . 2 2 - 8 740 -
M o llu s k s A ,  A +C H o i. - - 8 0 0 -4 0 0 0 - Lo w e n stam  (1 9 6 3 )
L im e  m ud (P e r s ia n  G u lf) A H o i. - - 9390 - K insrm  n (1 9 6 9 )
A v e . A n c ie n t L im e s to n e  C - - - 2 5 0 -7 0 0 - "
T h e o r e t ic a l  c a lc ite  in  e q u ilib r iu m  w ith  sea  w a te r  
C losed  s y s te m  c a lc ite  a f te r  a ra g o n ite  
Open s y s te m  c a lc ite  a f te r  a ra g o n ite
T a b le  1 4 . S u m m a ry  o f som e published  t ra c e  e le m e n t v a lu e s  fo r  v a r io u s  c a rb o n a te s .
î f ? ô
5 ^ 0 0
fir








d o   ̂ d d d d d 1 o o o o o o o
E= z
1 0 5
' O O d d d d d o o" o o o c  o o



















Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
M agnesium  w as rem o ved  fro m  s u b m arin e  m agnesian  c a lc ite  cem ents  
and in te rn a l sed im ents  by inco ngruen t d isso lu tio n  du rin g  b u r ia l .
E quant s p a r r y  c a lc ite  cem ents  th a t w e re  p re c ip ita te d  fro m  r e la t iv e ly  
fre s h  w a te r  d uring  b u ria l do not have an a p p re c ia b ly  d if fe re n t M g  
content than the  p re c u rs o r  s u b m a rin e  cem ents  » T h is  d a ta  suggests  
th a t th e  hy d ro lo g ie  s ys tem  resp o n s ib le  f o r  the  p re c ip ita tio n  o f s p a r r y  
c a lc ite  w as open geochem i c a lly  and a llow ed low  m agnes ium  w a te rs  
flow ing  through th e  rocks  to  e ffe c t iv e ly  re m o ve  M g  fro m  cem ents  
and flu s h  th is  e le m e n t fro m  th e  study a r e a .
Iro n  v a lu e s  a r e ,  fo r  th e  m o s t p a r t ,  lo w . O nly  one o f  the  
c a lc ite  cem ents  analyzed  re n d ere d  a  p o s itive  re a c tio n  when s ta ined  
w ith  po tassium  fe rro c y a n id e  (T a b le  1 5 ) . E va m y  (1 9 69 ) found th a t 
th is  c h em ic a l im p a rts  a  blue s ta in  to  c a lc ite  th a t contains fe r ro u s  i r o n .  
Iro n  on th e  reduced s ta te  has a p p ro x im a te ly  the  sam e  io n ic  ra d iu s  as  
m a g n es iu m , enab ling  i t  to  su b stitu te  in  the  c a lc ite  la t t ic e .  T h e  c o lo r  
and in te n s ity  o f the  s ta in  in c re a s e s  d ire c t ly  w ith  the  am ount o f fe rro u s  
iro n  in  the  c a lc ite  la t t ic e .  L indho lm  and F in k e lm a n  (1 9 72 ) found  
th a t a t le a s t 0 .3 8  w t.%  iro n  w as re q u ire d  be fo re  a  c a lc ite  would s ta in . 
M o s t o f the  P ip e  C re e k  sam p le s  a re  below  th is  l im i t  (T a b le  1 5 ) , 
e xp la in ing  w hy th e y  d id not g ive  a  p o s itiv e  re ac tio n  when sta ined  fo r  
i r o n . C a lc ite  cem ents th a t conta in  fe rro u s  iro n  a re  thought to  re p ­
re s e n t fre s h  w a te r  p h re a t ic  p re c ip ita tio n  fro m  w a te rs  th a t have low  
Eh v a lu e s  (E v a m y , 1 9 6 9 ). T h e  absence o f fe r ro u s  iro n  does not 
im p ly  the  cem ent g re w  in  the  vadose (o x id iz in g ) z o n e , on ly  th a t
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p h re a tic  w a te rs  w e re  not c h a ra c te r iz e d  by a  lo w  E h . One can only  
conclude th a t th e  in te r s t it ia l  w a te rs  th a t have flow ed through the  
c ap rin id  r e e f  fa c ie s  ro c ks  w e re  g e n e ra lly  o f high E h , o x id iz in g , 
o r  th a t th e  w a te rs  did not contain  s ig n if ic a n t qua n titie s  o f i r o n .
Hensington (1 9 62 ) re p o rte d  th a t th e  m odern  ground w a te rs  in  the  L lan o  
reg io n  and th e  E dw ards  P la te a u  a re  m o s tly  i r o n -d e fic ie n t .  S in ce  fre s h  
w a te r  th a t prom oted  d iag enesis  o f the  c a p rin id  r e e f  fa c ie s  m a y  have  
e n tered  s tra t ig ra p h ic a lly -e q u iv a le n t ro c ks  n e a r  th e  L la n o , i t  is  probable  
th a t s ig n if ic a n t q u a n titie s  o f iro n  w e re  not a v a ila b le  fo r  in co rp o ratio n  
in to  s p a r r y  c a lc ite  c em e n ts .
T h e  d is tr ib u tio n  o f S r  and Na w ith in  cem ents  and in te rn a l sed im ent 
is  perhaps a b e tte r  in d ic a to r  o f the  pa leohydro logy  a t  P ip e  C re e k .
F ib ro u s  s u b m arin e  cem ents  w ith in  the r e e f  fra m e w o rk  contain  re la t iv e ly  
m o d e rate  N a and lo w  S r  (T a b le  1 5 ) . P é tro g ra p h ie  d a ta  suggests these  
cem ents w e re  o r ig in a lly  m agnesian  c a lc ite . T h e  r e la t iv e ly  la rg e  
io n ic  ra d iu s  o f S r^ ^  p ro h ib its  the  in c o rp o ra tio n  o f a  la rg e  am ount o f  
S r  in  th e  c a lc ite  la t t ic e  (K in s m a n , 1 9 6 9 ). In  c o n tra s t , the arag o n ite  
la t t ic e  m o re  e a s ily  accom odates S r  because o f th e  d iffe re n t c ry s ta l 
la t t ic e .  T h e  S r  va lu e s  o f fib ro u s  c ru s t cem ents  in  the  P ip e  C re e k  
r e e f  fra m e w o rk  in d ica te  th a t fre s h  w a te r  has rem o ved  S r  fro m  these  
cem ents  w hich p ro b a b ly  had re la t iv e ly  lo w  S r^ ^  content because they  
w e re  m agnesium  c a lc ite . P e lo id a l in te rn a l sed im ents  w ith in  the  re e f  
f ra m e  have a ls o  been flushed but re ta in  s lig h t ly  h ig h e r S r  values  
(T a b le  1 5 ) . S lig h t ly  h ig h e r S r  va lues  o f  the  in te rn a l sed im ents  suggest
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i ts  o r ig in a l m in e ra lo g y  w as m agnesian  c a lc ite  p lus a ra g o n ite .
Equant s p a r r y  c a lc ite  th a t f i l l s  geopetal s tru c tu re s  w ith in  
th e  r e e f  fra m e w o rk  is  re la t iv e ly  en ric h e d  in  S r  and N a (T a b le  1 4 ) .
I f  th is  c a lc ite  w as p re c ip ita te d  fro m  fre s h  w a te r ,  one would expect 
lo w e r  va lu e s  (F o lk ,  1 9 7 4 ). A n  a lte rn a tiv e  e xp lanatio n  is  th a t the  
s p a r r y  c a lc ite  m ay  have rep laced  a  p r io r  g e n era tio n  o f a rag o n ite  
c em ent p re c ip ita te d  under su b m arin e  p h re a t ic  con d itio n s . M o o re  
(1 9 7 5 , pe rso n a l com m unica tion ) has observed th a t m a rin e  f ib ro u s  
a rag o n ite  w ith in  th e  Holocene r e e f  f ra m e w o rk  in  D is c o v e ry  B a y , 
J a m a ic a  is  often r e c ry s ta ll iz e d  to  equant a ra g o n ite  (n eo m o rp h ism ) 
in  th e  m a rin e  e n v iro n m e n t. R e la t iv e ly  high S r  and N a  v a lues  w e re  
r e -in c o rp o ra te d  in to  th is  equant a rag o n ite  c e m e n t. I t  is  proposed  
th a t the  equant s p a r r y  c a lc ite  w ith in  the  ru d is t r e e f  fra m e  a t P ip e  
C re e k  m ay  re p re s e n t a  s im i la r  o c c u rre n c e . T h ro u g h  the  course  
o f d iag enesis  equant a rag o n ite  in v e rte d  to  equant c a lc ite  in  the  
presence  o f m a rin e  in te r s t it ia l  w a te r ,  re - in c o rp o ra tin g  r e la t iv e ly  
la rg e  am ounts o f S r  and N a .
L o w e re d  p o ro s ity  and p e rm e a b ility  o f the  r e e f  fra m e w o rk  be­
cause o f syngenetic  cem entation  and in te rn a l sed im en ta tio n  enhanced 
th e  re - in c o rp o ra tio n  o f  these  t ra c e  e le m e n ts  in to  the  equant cem ents  
by reducing  the  flo w  ra te  o f subsurface  w a te rs  through the fra m e w o rk .  
C o n v e rs e ly , equant cem ents in  n o n -re e f beds have v e ry  lo w  S r  and 
N a  v a lues  (T a b le  1 5 ) .  T h is  ind ica te s  e ith e r  th e  cem ents  w e re  p re ­
c ip ita ted  in  a  re la t iv e ly  open geochem ica l sys te m  w here  S r  and Na
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w e re  flushed d o w n -d ip , o r  th a t th ey  p re c ip ita te d  in  a  c losed system  
w h ere  p o re  w a te rs  had ch em ic a l com positions  s im i la r  to  the w a te rs  
w ith in  r e e f  beds. In th is  c ase , b e tte r  p o ro s ity  and p e rm e a b ility  o f the  
n o n -re e f  beds has a llow ed these beds to  be m o re  thoroughly  flushed by 
fre s h  w a te r .  I  p r e fe r  the  second case because o f the  a fo rem entioned  
in fluence o f su b m arin e  cem ents and in te rn a l sed im e n t on the p o ro s ity  
and p e rm e a b ility  o f r e e f  beds.
R e c ry s ta lliz e d  m o llu sk  fra g m e n ts  contain the  h ighest S r  and Na  
values  o f any  o f the  sam ples  analyzed  (T a b le  1 5 ) . C re taceous  m o llusks  
probab ly  o r ig in a lly  contained 800 to  4000  ppm S r ,  s im i la r  to  Holocene  
m ollusks  (T a b le  1 4 ) , D uring  in v e rs io n  in  m a rin e  w a te r , a ra g o n itic  
m ollusks  could have re ta in ed  re la t iv e ly  high S r  v a lues  i f  in ve rs io n  
o ccu rred  w ith in  a  closed sys tem  (K in s m a n , 1 9 6 9 ). C a lc ite  a f te r  a rag o n ite  
in  an open s y s te m , on the  o th e r hand, should contain  les s  than 350 ppm  
S r .  T h e  S r  content o f P ipe  C re e k  m o llu s k s , g e n e ra lly  g r e a te r  than  
350 ppm , suggests th a t in ve rs io n  o ccu rred  in  a  closed s ys tem  (m a r in e )  
fo llow ed by a  fre s h  w a te r  system  th a t flushed m ost o f the S r  and Na  
fro m  the  ro c k s . .M o llu s k  fra g m en ts  have re ta ined  ra th e r  high S r  and 
N a values  e ith e r  because the s h e ll m a te r ia l ly  o r ig in a lly  contained  
high p ro p o rtio n s  o f these e le m e n ts , o r  because the  coating o f equant 
s p a r ry  c a lc ite  th a t now coats each g ra in  has acted as a  "s h ie ld "  against 
the  fu r th e r  re m o v a l o f these  e lem ents  fro m  the  la t t ic e .
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Phase I I  : F in a l F re s h  W a te r  E p igenetic  D iagenes is
D ia g en e s is  o f th e  rocks has continued through th e  present»  
F ra c tu re s  a r e  developed in  cap rin id  re e fs  and m ounds. Because they  
tra n s e c t a llo c h e m s , m a tr ix ,  and cem ent (F ig »  8 2 ) ,  these  fe a tu re s  a re  
thought to  re p re s e n t a  response o f the  ro c ks  to  re r io n a l te c to n ic  s tr e s s ,  
S ca len o h ed ra l bladed s p a rry  c a lc ite  (P B ^ g C )  o ften  lin e s  these  fra c tu re s  » 
A  re d d is h -b ro w n  m ic r t ie  associated w ith  these  cem ents  is  often draped  
o v e r in d iv id u a l bladed c ry s ta ls  (F ig .  8 3 ) . T h e  m ic r ite  contains s m a ll  
f le c k s  o f lim o n ite  w hich im p a rt a red  c o lo r  to  the  m ic r ite »  T h is  c a lc ite  
is  p ro b ab ly  the  product o f recen t s u b a e ria l w e a th e rin g . A s  under­
s a tu ra te d  m e te o ric  w a te r  perco la te s  dow nw ard through lim e s to n e s  
i t  becom es m o re  s a tu ra te d  w ith  re sp e c t to  CaCO g » W a te r  "ponded" 
in  f ra c tu re s  and vugs p re c ip ita te s  m ic r ite  d uring  evaporation»
L a rg e  so lu tion  v u g s, com m on in  s u rfa c e  sam ples  fro m  P ip e  C re e k , 
m a y  be f i l le d  w ith  m i o r  o s ta la c titi c  equant to  bladed s p a r ry  c a lc ite  
cem e n t. T h is  cem ent re p res en ts  p re c ip ita tio n  in  the  m odern  vadose
V u g s  and fra c tu re s  developed a f te r  the  e n tire  ro c k  sequence  
had been converted  to  the  r e la t iv e ly  s ta b le  m in e ra lo g ie s  c a lc ite  and 
pro to d o lo m ite  » Undoubtedly enorm ous quan tities  o f fre s h  w a te r  have  
passed through the  rocks  since the  P le is to cen e  Epoch when the  m odern  
re g io n a l d ra in a g e  p a tte rn  developed » Autocthonous s p a r ry  c a lc ite  
(B a th u rs t, 1971) w as p re c ip ita te d  in  vugs and fra c tu re s  fro m  w aters  th a t 
reached carbonate  s a tu ra tio n  le v e ls  as they  flow ed through the  lim esto n es
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
F ig u re  8 2 . F ra c tu re s  in  cap rin id  l im e  boundstone th a t tra n s e c ts  
c ap rin id  s te in k e rn , cernent, and lam ina ted  in te rn a l s e d im e n t. 
P o lished  s u rfa ce  R ippey 6 .
F ig u re  8 3 . P ho tom icro graph  showing bladed sca lenohedra l s p a r ry  
c a lc ite  th a t f i l ls  a  fra c tu re  s im i la r  to  the one shown in  F ig u re  8 2 . 
R edd ish -b row n  m ic r ite  o v e r lie s  th is  c em e n t. B a r  sca le  is  250 m ic ro n s .
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and dolostones exposed on the  E dw ards  P la te a u .
S u m m a ry  o f D iagenes is  
B etw een th e  t im e  o f  deposition  through th e  p re se n t t im e , the  
sed im ents  and re s u ltin g  ro c ks  th a t c o m p ris e  th e  c ap rin id  r e e f  fa c ie s  
o f th e  G len  Rose R e e f In te rv a l have reached  m in e ra lo g ic a l m a tu r ity  
through d iag en e s is . T h e  ro c ks  a t P ip e  C re e k  w e re  o r ig in a lly  sed im ents  
com posed o f c a lc ite , a ra g o n ite , and m agnesian  c a lc ite . T h e  d iag en etic  
events th a t have a ffected  th is  ro c k  sequence fo llo w  a  lo g ic a l p a tte rn .
S yngenetic  o r  s u b m arin e  d iag enesis  th a t a ffected  r e e f  beds in ­
c ludes boring  o f the  re e f  fra m e w o rk , p roduction  o f in te rn a l s ed im e n t, 
and su b m arin e  cem enta tion  o f r e e f  fra m e s  and in te rn a l s e d im e n t. Non­
r e e f  beds w e re  a ffected  by the  fo rm a tio n  o f  m ic r ite  r im s ,  g ra in  m ic -  
r it iz a t io n  by c e n tr ip e ta l re p la c e m e n t, and l i t to r a l  and s u b lit to ra l  
c em enta tion  o f p e r i - r e e f  g ra ins ton e  u n its . P e lo id s  in  r e e f  and non­
r e e f  beds w e re  l i th if ie d  a t th is  t im e .  S u b m a rin e  d iag enesis  a ffected  
c ap rin id  re e fs  m uch in  the  sam e m a n n er as  i t  a ffe c ts  Holocene c o r­
a lg a l r e e fs .  T h e  sed im ents  and ro c ks  produced during  th is  phase  
consisted m ain ly  o f a rag o n ite  and m agnesian  c a lc ite  (P hase  0  : T a b le  1 6 ) .
D u rin g  in it ia l  b u ria l inco ngruen t d isso lu tion  o f m agnesian  cal­
c ite  in cre a se d  the  M g /C a  v a lu e  o f the m a rin e  p o re  w a te r .  Subsequent 
d o lo m itiz a tio n  caused by th is  in c re a s e  in  M g affected  only those beds 
th a t contain  a  re la t iv e ly  la r g e  p ro p o rtio n  o f c la y -s iz e d  q u a rtz  and 
te rr ig e n o u s  c la y  m in e r a ls .  C la y -s iz e d  p a r tic le s  ap p are n tly  s erved  
as n uc léa tion  s ite s  fo r  p ro to d o lo m ite  euhedra  and subhedra but c la y
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m in e ra ls  p robab ly  did not c o n trib u te  any s ig n ific a n t am ount o f M g  to  
th e  p ro cess  o f d o lo m itiz a t io n . In s tea d , m agnesian  c a lc ite  m ilio l id s ,  
r e e f  fra m e w o rk  cem ents and in te rn a l s e d im e n ts , and m a rin e  p o re  w a te r  
prov id ed  the  M g  ne ce s sa ry  fo r  d o lo m itiz a t io n . P ro to d o lo m ite  rhom bs  
th a t fo rm e d  during  th is  s tage a re  c h a ra c te r iz e d  by th e ir  su b h ed ra l to  
e u h ed ra l shape , cloudy appearance  (in c lu s io n s ? ), and s m a ll s iz e  
( le s s  than  15 / jm ) .
M o s t tra c e  e lem en ts  have been flushed fro m  the  dolostones by 
fre s h  w a te r .  T h e  p resence o f c la y  m in e ra ls  has undoubtedly com ­
p ro m ise d  S r  and N a  va lues  fo r  dolostones analyzed  using a to m ic  ab­
s o rp tio n , T h is  observa tion  is  co n firm ed  by a n alys is  th a t  in d ica te s  
th e re  is  a  la rg e  excess o f sodium  to  c h lo rid e  in  the  ro c k s . T h is  excess  
m a y  be because o f Na p re s e n t in  the  c lay  m in e r a ls ,
In ve rs io n  o f a ra g o n itic  a llo c h e m s  in  m a rin e  p o re  w a te r  w as a ls o  
a ccom plished  during  the  in i t ia l  b u r ia l s ta g e . T h e  d is tr ib u tio n  o f in ­
v e rs io n  v s , d isso lu tion  te x tu re s  in  th e  m o llu sk  fra c t io n  o f the  carbonate  
sand body suggests portions  o f the  sand body w e re  exposed durin g  
d e p o s itio n . In ve rs io n  te x tu re s  p re d o m in a te  u p per o ffsh o re  and backshore  
s ed im ents  w hereas  m ost m o llu sks  in  the  fo re s h o re  w e re  d is s o lv e d .
M ic r it e  r im s  th a t outline  m o llu sk  m olds  a r e  n o n -co llap se d , suggesting  
s p a r ry  c a lc ite  cem ent accom panied a rag o n ite  d isso lu tio n  in  a  fre s h  
w a te r  lens  th a t developed in  the  carbonate  sand body.
T h e  re la tiv e  abundance o f in v e rs io n  v s , d isso lu tio n  te x tu re s  in  
cap rin id  re e fs  and mounds shows the  in v e rs io n  p rocess was in te rru p te d
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by fre s h  w a te r  during  b u r ia l .  A  la r g e r  p ro p o rtio n  o f ta b u la r  re e f  
c a p rin id s  a re  p re s e rv e d  by in ve rs io n  com pared  to  mound c a p rin id s . 
E v id e n tly  the  ra te  o f p ore  w a te r  com position  change fro m  m a rin e  to  
fre s h  in  th e  r e e f  m ass w as s lo w e r than  in  surround ing  n o n -re e f sed im ents  
because s u b m arin e  cem entation  th a t a ffected  fra m e w o rk  and in te rn a l 
s ed im en ts  peobab ly  reduced p o ro s ity  and p e rm e a b ility  in  the re e fs .  
Im m e d ia te ly  p r io r  to  the f i r s t  stage o f fre s h  w a te r  ep ig enesis  th e  
P ip e  C re e k  ro cks  and sedim ents s t i l l  contained s ig n ific a n t am ounts o f 
r e la t iv e ly  unstab le  m in e ra ls  (P hase I  a  : T a b le  1 6 ).
P o te n tia l m e te o ric  w a te r  in ta ke  a re a s  in  ro cks  o v erly in g  the  
G len  Rose R e e f In te rv a l developed durin g  b u r ia l o f the  R e e f In te r v a l . 
A lthough i t  is  not possib le  to  define  e x a c tly  when fre s h  w a te r  f i r s t  
en te red  the  P ip e  C re e k  ro c k s , e xten s ive  t id a l f la ts  developed in  the  
u pper p o rtio n  o f the  L o w e r M e m b e r and m ost o f the  U p p e r M e m b e r  
o f th e  G len  Rose F o rm a tio n  o r  the  re g io n a l unc o n fo rm ity  a t the  top o f  
th e  F re d e r ic k s b u rg  G roup could have been m e te o ric  w a te r  in take  a r e a s . 
Although re g io n a l u p lift  o f th e  E dw ards P la te a u  associa ted  w ith  Balcones  
fa u ltin g  in  the  e a r ly  M iocene  Epoch p ro b a b ly  p rov id ed  in take  a re a s , i t  
is  untenable to  assum e a ragon ite  w as p re s e rv e d  u n til th a t t im e .
F re s h  w a te r  rem oved the  re m a in in g  m agnesium  fro m  the m ag­
nesian  c a lc ite s . D isso lu tion  of the  re m a in in g  a ra g o n itic  a llochem s o c cu rre d  
during  the  in i t ia l  fre s h  w a te r  phase. In t e r -  and in tra g ra n u la r  equant 
s p a r ry  c a lc ite  cem ents  w e re  p re c ip ita te d  in  the  fre s h  w a te r  p h re a t ic
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zone as pore  w a te rs  becam e in c re a s in g ly  s a tu ra te d  w ith  CaCO g  
d e riv e d  fro m  a ra g o n ite  d is s o lu tio n . A s  th e  s a lin ity  and M g /C a  value  
o f th e  po re  w a te r  d e c re a s e d , fre s h  w a te r  sec o n d a ry  p ro to d o lo m ite  
rep la c ed  a llo c h e m s  and m a tr ix  o f c la y -r ic h  zo n e s . T h is  p ro to d o lo m ite  
is  c h a ra c te r iz e d  by its  c la r i ty ,  w e ll- fo rm e d  e u h ed ra l rh o m b s , and 
s iz e . L im e  mud com posed o f a rag o n ite  and m agnes ian  c a lc ite  
w as converted  to  l im e  m udstone and w ackestone a t th is  t im e .  T h e  
convers ion  p rocess  p ro b a b ly  invo lved po rp h y ro id  n e o m o rp h ism , 
m ic ro -s c a le  d iss o lu tio n  and p re c ip ita tio n , o r  both . L im e  w acke­
stones th a t conta in  1 .5  to  2 .0 %  c la y  plus q u a r tz  re c ry s ta l l iz e d  to  
m ic ro  and pseu d o sp ar. E v id e n tly  the c la y -s iz e d  p a r t ic le s  acted as 
nuc lei fo r  the  m ic ro  and pseudo spar.
A n a ly s is  o f th e  t r a c e  e le m e n t c h e m is try  o f C re ta ce o u s  cem ents , 
in te rn a l s e d im e n ts , and in v e rte d  m o llu sk  s h e ll m a te r ia l  w as useful 
to  the  pa leo h yd ro lo g ic  re co n s tru c tio n . R e la t iv e ly  lo w  M g values  
in d ica te  fre s h  w a te r  has e ffe c t iv e ly  rem o ved  th is  e le m e n t fro m  the  
n o n -d o lo m itic  po rtio n s  o f the  c ap rin id  r e e f  fe c ie s . T h e  s p a rs e  
o c cu rre n c e  o f fe rro u s  iro n  w ith in  c a lc ite  cem ents  suggests th e  fre sh  
w a te rs  w e re  e ith e r  o x id iz in g  o r  i r o n -d e fic ie n t .  No d iscernab le  
p re s e n t-d a y  c om positiona l tre n d s  o f M g o r  F e  a re  p re s e n t. H o w e ve r, 
th e  S r  and Na d is tr ib u tio n  o f c a lc ites  analyzed  do conta in  tre n d s .
F ib ro u s  s u b m arin e  cem ents w ith in  the  r e e f  f r a m e  a re  now 
com posed o f lo w -S r  c a lc ite  p ro b ab ly  because th e ir  o r ig in a l m agnesian  
c a lc ite  la t t ic e  contained s m a ll amounts o f th is  e le m e n t. P e lo id a l
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in te rn a l s ed im en ts  y ie ld  s lig h t ly  h ig h e r S r -v a lu e s  because o f th e ir  
o r ig in a l m agnesian  c a lc ite  p lus  a ra g o n ite  m in e ra lo g y . Equant s p a r r y  
c a lc ite  cem ents  in  the  r e e f  fra m e w o rk , e n riched  in  N a  and S r  com ­
p a red  to  eq u iva len t n o n -re e f  beds, m a y  re p re s e n t in v e rs io n  o f  m a rin e  
a ra g o n ite  a f te r  in it ia l  f ib ro u s  a ra g o n ite . L o w e r  p o ro s ity  and p e r­
m e a b ility  o f r e e f  beds caused by exten s ive  su b m arin e  cem entation  
produced a  s e m i-c lo s e d  c h em ic a l and hyd ro lo g ie  sys tem  th a t p reven ted  
w a te rs  fro m  flush ing  S r  and N a  fro m  cem ents w ith in  the  r e e f  fr a m e .
M o llu s k  fra g m en ts  th a t in ve rte d  to  c a lc ite  in  m a rin e  w a te r  
du rin g  b u r ia l re ta in  the  h ighest S r  and N a -v a lu e s . e ith e r  because  
th e y  o r ig in a lly  contained la rg e  am ounts o f these  e lem ents  o r  because  
the  equant s p a r r y  c a lc ite  in te rg ra n u la r  cem ent th a t su rrounds  these  
g ra in s  has acted as a  b u ffe r  betw een the  a llo c h e m s  and pore  w a te r .
A t  th e  end o f th e  in it ia l  fre s h  w a te r  ep ig en e tic  s ta g e , the  sed im ents  and  
ro c ks  had been converted  to  rocks  com posed o f the  re la t iv e ly  s ta b le  
m in e ra lo g ie s  c a lc ite  and p ro to d o lo m ite  (P hase  I  b : T a b le  1 6 ) .
F in a l eveo lu tion  o f the  ro c ks  included the  developm ent o f  
vugs and fra c tu re s  th a t tra n s e c t a llo c h e m s , m a tr ix ,  and c em e n t.
R eg ional s u rfa ce  and ground w a te rs  a re  often undersa tu ra ted  w ith  
re s p e c t to  c a lc ite  and have d isso lved  p ortions  o f the  outcropping  
and subcropping rocks in  the  study a re a  (P h ase  I I  : T a b le  1 6 ).
S om e cem enta tion  has accom panied the fo rm a tio n  o f the  vugs and 
fr a c tu r e s , perhaps during  the  P le is to c e n e . I t  is  im p o ss ib le  to  p lace  
I t  is  im p o ss ib le  to  p lace  f in ite  t im e  c o n stra in ts  on th e  sequence (F ig .  8 4 ) .
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M E S O Z O IC
C R E T A C E O U S
C O M A N C H E A N
T R IN IT Y  F R E D E R IC K S B U R G  W A S H IT A
C E N O Z O IC
P hase O
C o n s tru c tio n  o f r e e f  fra m e .
C e m en ta tio n  o f r e e f  f r a m e ,  
in te rn a l s e d im e n ts , p e r i -  
r e e f  g ra in s to n e s .___________
O rg a n ic  b oring
G ra in  m ic r it iz a t io n
M ic r it e  r im s
P e lo id  in d u ra tio n
A ra g o n ite  d iss o lu tio n  (u n it 
I I  fo re s h o re )________________
M e te o r ic  w a te r  cem e n ta tio r  
(u n it I I  fo re s h o re )_______
Phase  l a
Inco ngruen t d iss o lu tio n
P r im a r y  p ro to d o lo m ite  
In v e rs io n  o f a rag o n ite  
(a llo c h e m s )_____________
P hase  I  b 
Inco ngruen t d iss o lu tio n  
A ra g o n ite  d iss o lu tio n
S p a r r y  c a lc ite  cem e n ta tio n  
S e c o n d a ry  p ro to d o lo m ite  
L im e  m ud to  m ic r i te  ______
M ic r it e  r e c r y s ta l l iz a t io n
Phase I I  
V ug de ve lo p m en t
F r a c tu r e  deve lopm ent
C e m en ta tio n  in  vugs and 
f r a c tu r e s __________________
F ig u re  8 4 , T im e  c h a r t show ing the  pos sib le  t im e  span o f d ia g e n e tic  eve n ts  th a t a ffe c ted  P ip e  C re e k
C O N C L U S IO N S
T h e  c ap rin id  r e e f  fa c ie s  o f the  G len  Rose R e e f In te rv a l m ay  be 
subdivided in to  r e e f  and non—r e e f  beds. R ig id  r e e f  f ra m e w o rk  fo r  the  
P ip e  C re e k  r e e f  co m p le x , com posed o f juxtaposed ta b u la r  cap rin id  
r e e fs ,  w as produced by m u tu a lly -s u p p o rtiv e  rudists, su b m arin e  
c em e n ta tio n , and in te rn a l s e d im e n ta tio n . C lio n id  sponges bored the  
r e e f  fra m e w o rk , c em e n t, and in te rn a l s e d im e n t, p roducing c a l­
careous  s i l t ,  pe lo ids  and c a v itie s  th a t can be e a s ily  m is tak en  fo r  
d iag en e tic  vadose c ry s ta l s i l t ,  p e lle t s i l t ,  and s o lu tion  c a v it ie s . 
S uperim posed  borings th a t tra n s e c t contem poraneous ru d is t fra m e ­
w o rk , fib ro u s  c em e n ts , and in te rn a l sed im ents  a re  com m on and support 
the  id ea  th a t fra m e w o rk  a c c re t io n , o rg a n ic  b o rin g , su b m arin e  cem e n ta tio n , 
and in te rn a l s ed im enta tion  w e re  s yngenetic .
L ocally -deve loped  pho lad -bored  s u rfa ce s  th a t tru n c a te  r e e f  
m asses p ro b ab ly  re p re s e n t su b m arin e  ha rd g ro u n d s . T h e s e  s u rfa ce s  
developed when v e r t ic a l  r e e f  a c c re tio n  ra te s  exceeded basin  sub­
s id e n c e , re s u ltin g  in  the  tru n c a tio n  and exten s ive  b ioero s ion  o f p o r­
tio n s  o f the  cem ented r e e f  c re s t(s ) in  th e  l i t to r a l  a n d /o r  sha llow  
s u b lit to ra l zones.
S u b m arin e  d iag enesis  a ls o  a ffected  n o n -re e f  beds. P e r i - r e e f  
g ra ins ton es  th a t p robab ly  re p re s e n t s m a ll ,  fo r e r e e f  beaches contain  
fib ro u s  cem e n ts , m ic r i t ic  cem e n ts , and keystone vugs th a t ind ica te  
c em entation  in  the  shallow  s u b lit to ra l and l i t to r a l  zo n e . A  la rg e
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elongate  sand body, thought to  have developed as a  su b m arin e  b a r /  
beach c o m p le x , began to  accum ulate  when the  r e e f  c re s t(s ) 
approached s ea  le v e l . D ia g en e tic  evidence suggests th a t portions  
o f th e  sand body acted as m e te o ric  w a te r  in ta ke  a r e a s .
In d u ra tio n  o f pe lo ids  in  th e  b a c k re e f and m a rin e  s h e lf l im e  
w ackestones w as accom plished a t o r  im m e d ia te ly  below  th e  w a te r -  
sed im e n t in te rfa c e  d uring  deposition o f these  s e d im e n ts . C e n tr ip e ta l  
re p la c e m e n t o f m o llu sk  fra g m en ts  by e n d o lith ic  b o re rs  a lso  produced  
pelo ids  o
In v e rs io n  o f a ra g o n itic  m o llusks  and lim e  mud o ccu rred  during  
e a r ly  b u r ia l in  the  p resence o f m a rin e  p o re  w a te r .  M e te o r ic  w a te r  
began to  e n te r  th e  sed im e n t and rocks s o m etim e  between the  t im e  o f 
deposition  o f the  upper po rtio n  o f the  L o w e r M e m b e r  o f the  G len Rose  
and th e  end o f deposition  o f the  F re d e ric k s b u rg  G ro u p . D is tr ib u tio n  
o f th e  in v e rte d  v s .  d isso lved  cap rin id s  in d ica te s  in ve rs io n  was in te r ­
rupted by th is  in flu x  o f fre s h  w a te r .
T h e  re su ltin g  m ixed  pore  w ate rs  induced d o lo m itiza tio n  o f l im e  
w ackestones th a t contain r e la t iv e ly  la rg e  am ounts o f c la y -s iz e d  m in ­
e ra ls  th a t acted  as nucléation  s ite s  fo r  th e  in it ia l  p ro tod o lo m ite  e u -  
h e d ra . S tro n tiu m  va lues  o f the  dolostones c om pare  fe v o ra b ly  w ith  
published v a lu es  o f o th e r dolostones th a t have been flushed w ith  fre s h
F u r th e r  fresh en ing  o f the  pore  w a te rs  caused the  e q u ilib ra tio n  
o f th e  sed im ents  and rocks  as s tab le  c a lc ite  and p ro to d o lo m ite .
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T h e  tra c e  e le m e n t content o f c a lc ite  cem ents throughout th e  P ipe  C re e k  
a re a  is  v e r y  lo w , in d ica tin g  th e  hyd ro lo g ie  s ys tem  has rem ain ed  open. 
D iag en es is  has continued through the  p re se n t t im e .  F ra c tu re s  and 
vugs th a t tra n s e c t p r im a r y  ro c k  fa b r ic  have p ro b a b ly  developed s ince  
the  P le is to c e n e . T h e s e  fe a tu re s  a re  p a r t ly  f i l le d  w ith  m ic r i t ic  and 
bladed to  equant s p a r r y  c a lc ite  cem ents  ■ th a t have been p re c ip ita te d  in  
th e  m e te o ric  vadose and p h re a t ic  z o n e s .
R e su lts  o f th is  s tudy m a y  be usefu l to  p a rag e n e tic  recon­
s tru c tio n s  o f o th e r  ru d is t r e e f  com plexes in  th e  s ubsurface  w h ere  less  
c ontro l is  a v a ila b le . I t  has been shown th a t contem poraneous re e f  
fra m e w o rk  a c c re t io n , o rg a n ic  b o rin g , c em e n ta tio n , and in te rn a l 
sed im enta tion  com m on to  Holocene s c le ra c tin ia n  re e fs  a ffected  C re taceous  
r e e fs .  T e x tu r a l  fe a tu re s  developed in  th e  su b m arin e  en viro n m e n t a re  
e a s ily  m is tak en  fo r  m e te o ric  vadose fe a tu re s , causing im p ro p e r  
enviro n m e n ta l and d iag en e tic  re c o n s tru c tio n , S yngenetic  cem entation  
o f r e e f  fra m e w o rk  e ffe c t iv e ly  reduced p e rm e a b ility  in  the  r e e f  m a s s e s . 
S ubtle  c h em ic a l tre n d s  w ith in  cem ents and a llo c h e m s  a re  useful in  
the  o v e ra ll in te rp re ta t io n  o f th e  pa leohydro logy o f the  c ap rin id  re e f  
sequence.
S econdary  po re s  th a t developed during  fre s h  w a te r  ep ig enetic  
d isso lu tion  o f th e  ru d is t fra m e w o rk  in  the  subsurface  a re  p ro b a b ly  not 
w ell-c o n n e cted  because o f subsequent c e m e n ta tio n . T h e r e fo r e ,  only  
those r e e f  com plexes th a t w e re  subjected to  e a r ly  s u b a e ria l d iagenesis
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and fra m e w o rk  leach ing  fo llow ed  by m ig ra t io n  o f hydrocarbon  in to  the  
po re s  would be good r e s e r v o ir s .  T h e  best r e s e r v o ir  q u a lit ie s  
a re  developed in  the  la r g e  c arbonate  sand body th a t developed when  
th e  re e fs  approached sea  le v e l by v e r t ic a l  a c c re t io n . F u r th e r  
exp lo ra tio n  along th e  s h e lf m a rg in  .in T e x a s  should be concentra ted  
on de lineation  o f sand body tre n d s  ad ja c en t to  p roductive  and non­
p ro d u ctive  re e fs .
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APPENDIX A-1
C la s s ific a tio n  o f C arb o n a te  R ocks A c co rd in g  to  
D e p o s itio n a l T e x tu re  (D unham , 1962)
DEPOSITIONAL TEXTURE RECOGNIZABLE
ttt Hal Souoo ToîcÜKf Ô nq De
( particles of clay and fine silt sla 1
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AP P E N D  EX A -2
C la s s ific a tio n  o f C e m en ts  and R e  c ry s ta ll iz a t io n  
T e x tu r e s  (F o lk ,  1 9 6 5 )


































(inside f^ i l s .
Very rare or non-existent 
“Bladed Mosaic” may per­
haps exist: “Fibrous Mosaic” 
probably non-existent.
•  Add number for crystal size, e,g. P.E.Om, P.FiC.
X Add crystal size term, e.g. Finely Bladed overgrowth (or finely ciystalline Bladed overgrowth); Medium 
Fibrous crust (medium crystalline Fibrous crust).
 ̂Monocrystals may be Bladed or rarely Fibrous; use “Bladed Monocrystalline overgrowth”  if desired, 
P.BOm, etc.
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A Code for Neomorpkic Calcile
Formative
Mechanism
Foundation Grain Shape Term S>-mboI
Terms of Bathurst 






































E , » . t Neomorphic 
x-Equant Crust N.E*C I










> 51m x-pseudo- N.Ez_:





















Equant Degrading N'eo- morphic x-Calcite Nj.E"









Î  Identified by B a^urst (1958, 1959), and Banerjee (1959) as “rim-cemented calcite siltstone.” 
•  Add number for crystal size, e.g. N.FsC, N.E-O.
X Add crystal size term, e.g. Neomorphic coarsely (crystalline) bladed overgrowth.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
183
A P P E N D IX  A  -  3  
P IP E  C R E E K  C O R E  D E S C R IP T IO N S  
T h is  appendix contains lith o lo g ie  logs o f c o res  exam ined by the  
w r it e r  a t the  T e x a s  B ureau  o f E cono m ic  G eology C o re  L ib r a r y ,  A u s tin , 
T e x a s  du rin g  po rtio n s  o f M a y  and August 1 9 7 5 . C o re  e xa m in atio n  w as  
v is u a l,  a ided by a  hand len s  and b in o c u la r m ic ro s c o p e . M in e ra lo g y ,  
fa u n a , and te x tu re  w e re  used to  d e te rm in e  sub facies  a s s ig n m e n t. A l l  
c la s s ific a tio n s  a re  acco rd in g  to  Dunham  (1 9 6 2 ). T h e  b a r s c a le  a t the  
base o f each c o re  log  re p re s e n ts  2 m e te r s .
S ym b o ls  Used :
^  C o ra llin e  a lgae  
^  D asyc ladacean  a lgae  
*’ A g g lu tina ted  fo r a m in ife r  
M il io l id  fo r a m in ife r  
^  O rb ito lin a  sp .
©  S o lit a r y  c o ra l 
^  G astropod  
*.:V P e lo id s
L ith o c las ts  
TfT B u rro w s
qp C la m  
/ ” O y s te r  
®  R eq u ien iid  ru d is t  
^  C a p rin id  ru d is t
S e rp u lid  w o rm  tubes  
^  Ech ino id
-vzxrcr P h o lad -b o red  s u rfa c e  
Q u a rtz  s i l t  and sand
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L im e  m udstone  
L im e  w ackestone  
L im e  packstone  
Dolostone
S h a le
184
L im e  gra ins ton e  
C a p rin id  l im e  boundstone 
D o lo m itic  lim e s to n e
C ross-bed ded  lim e  
gra ins ton e
E N V IR O N M E N T A L  IN T E R P R E T A T IO N  A B B R E V IA T IO N S  ; 
R  =  R e e f 
B =  Mound 
G =  G ra ins tone  
BR =  Back—r e e f  
S  =  S h e lf
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Rotge *6
^  Interval_______Description
S lig h t ly  d o lo m itic  burrow ed  l im e  
w ackestone . M il io l id s  and 
re q u ie n iid s  a re  com m on. S h a le  
pebbles occur in  the  lo w e r  40  c m .
V e r y  f in e ly  la m in a te d , s i .  dolo­
m it ic  l im e  m udstone. Pholad  
b orings a re  f i l le d  w ith  l im e  p a c k -  
stone th a t contains o y s te rs , p e lo id s , 
re q u ie n iid s , sh a le  pebb les , and 
u n iden tified  m o llu s k  fra g m e n ts .
S lig h t ly  d o lo m itic  m o llu sk  l im e  
w ackestone .
C a p rin id  l im e  boundstone. E re c t  
r-ud ists, re d  a lg a e , o y s te rs . 
C a v iiy - f i l l in g  lim e  w ackestone  
contains fo s s il fra g m e n ts  and p e lo id s ,  
C a p rin id  s te in k e rn s  a re  p a r t ly  
d isso lved  o r  r e c ry s ta ll iz e d  to  
pseudo spar. Equant s p a r ry  c a lc ite  
p re s e n t in  v ugs.
C a p rin id  re q u ie n iid  l im e  w ackestone  
to  packstone. C a p rin id s  n o n -e re c t ,  
R equ ien iids  a re  h e av ily  bored by  
c lio n id s . O ys te rs  a re  com m on.
Burrow ed  m o llu sk  fo r a m in ife r  l im e  
w ackestone to  packstone.






• if  
I f  •
i_u
M o llu s k  lim e  g ra in s to n e . O y s te rs , en­
cru stin g  fo r a m in ife r s ,  ru d is t fragm en ts  
a re  c om m on, P ^ E  and P E  s p a r ry  c a lc ite  
c em e n t. In ve rs io n  te x tu re s  in c re a s e  
in  p ro p o rtio n  d ow nw ard . A llo ch em s  a re  
w e ll-ro u n d ed  and m o d e ra te ly  s o r te d .
C a p rin id  re q u ie n iid  l im e  w ackestone to  
- ] packstone.
M is s in g
C a p rin id  l im e  w ackestone to  packs tone . 
C a p rin id s  a re  re c u m b e n t, p re s e rv e d  as  
s te in k e rn s  w ith  m ic r i te - f i l le d  p a llia i  
c a n a ls .
C a p rin id  toucasis  l im e  w ackestone
B u rrow ed  re q u ie n iid , o y s te r , p e lo id ,  
fo r a m in ife r  l im e  w ackestone to  pack­
s to n e . B u rro w s  in c re a s e  dow nw ard .





M is s in g______
_J  Bored m o llu sk  l im e  w ackestone. Vuggy
p o ro s ity , o y s te rs , re q u ie n iid s , fe w  
c ap rin id  fra g m e nts
M is s in g _______
S am e as In te rv a l 1
M is s in g
M iss in g
C a p rin id  l im e  m udstone.
S am e  as In te rv a l 3 .  C a p rin id s  a re  re ­
cum bent and p re s e rv e d  as leached  
s te in k e rn s .
M is s in g
R equ ien iid  m o llu s k  lim e  packstone.
T r a n s it io n a l dow nw ard in to  burrow ed  
m o llu sk  pe lo id  l im e  w ackestone.




V  /  *
.V
1 B urrow ed  m o llu s k  lim e  m udstone to
w ackes tone . B u rro w in g  and shaleyness  
in c re a s e  d o w nw ard .
2 C a p rin id  l im e  w ackes tone . O y s te rs  and
gastropods a re  com m on. C a p rin id s  a re  
m o s tly  re cum bent and p re s e rv e d  as  
s te in k e rn s .
M o llu s k  pe lo id  l im e  packstone th a t grades  
dow nw ard in to  m o llu s k  p e lo id  l im e  w a c k e -
B urrow ed  m o llu sk  lim e  m udstone to  w acke­
s to n e . B urro w in g  in cre a se s  dow nw ard .











1 B u rro w ed  pe lo id  l im e  m udstone.
O y s te r  fra g m en ts  and ostracods a re
com m on.
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V  . ^
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• If  %
m
 ̂ tr. V
Rippey #7  
In te rv a l D e s c rip tio n
1 S I .  D o lo m itic  l im e  m udstone to  lam in a te d
d o lo n itic  l im e  m udstone to  w ackes tone . 
L o w e r 30 cm  contains la r g e  b u rro w s . 
Lam in a tio n s  re p e a t a t i r r e g u la r  in te rv a ls .  
H ig h e st p ro p o rtio n  o f  do lo m ite  a t the  top  
o f the  u n it.
M i l l io lid  pe lo id  l im e  w ackestone . 
P e rv a s iv e ly  b u rro w ed .
M il l io lid  pe lo id  l im e  w ackestone.
S om e v e r t ic a l  b u rro w s , f r i l le d ,  th ic k -  
sh e lled  o y s te rs . L im o n ite  s ta in ing  and 
v e ry  fa in t la m in a tio n s  a r e  p re s e n t.
M il io l id  pe lo id  l im e  w ackes tone . A  fe w  
re q u ie n iid s  a re  p re s e n t. B u rro w s  a re  
p re v a le n t and im p a r t  a churned appear­
ance to  the  fa b r ic .  A  fe w  collapsed  
c ap rin id  s te in k e rn s  w e re  observed .
B urrow ed  m ilio l id  m o llu sk  l im e  mud­
stone to  w ac k es to n e .








1_______ R equ ien iid  l im e  w a c kestone .
m iss in g
M is s in g
In te rv a l 2
M is s in g
C a p rin id  l im e  w ackes tone . Rudists  
a re  re cu m b e n t, p re s e rv e d  as co llapsed  
s te in k e rn s .
B urrow ed  re q u ie n iid  l im e  w ackes tone . 
F o r a m in ife r s ,  o y s te rs , g a stropods, and 
u n identified  m o llu sk  fra g m en ts  a re  
p re s e n t.
B urrow ed  m o llu s k  pe lo id  l im e  m udstone  
to  w ackes tone .
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Pipe Creek #1
Interval Description
F in e -g ra in e d  dolostone w ith  som e  
b u rro w s . A  fe w  fra g m en ts  o f m ilio lid s  
and m c llu s ks  a re  v is ib le .
M o llu s k  pe lo id  l im e  w ackestone
B urrow ed  d o lo m itic  pelo id  m o llu sk  lim e  
w ackstone to  do los tone .
A lte rn a tin g  beds o f m o llu sk  pe lo id  l im e  
w ackestone and packstone. G as tropod s, 
ech in o id s , and m ilio lid s  a re  p re s e n t.
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S I .  d o lo m itic  l im e  m udstone th a t g rades  
upw ard in to  a  do lostone.
In te r  bedded re q u ie n iid  l im e  m udstone  
and m ilio lid  pelo id  l im e  w ackestone. 
B u rro w s  a re  scarce  but p re s e n t.
C a p rin id  l im e  w ackes tone . C aprin id s  
a re  recum bent and p re s e rv e d  as collapsed  
m ic r i te - f i l le d  s te in k e rn s .
M il io l id  pe lo id  l im e  w ackestone. 
L o c a lly -p e rv a s iv e  b u rro w s .
C a p rin id  l im e  w ackes tone . R eq u ien iid s , 
p e lo id s , and dasycladacean a lgae p re s e n t. 
C a p rin id s  a re  recu m b en t and p re se rve d  
as co lla p s ed , m ic r i te - f i l le d  s te in k e rn s .
B urrow ed  m o llu s k  pe lo id  l im e  w ackestone. 
M o llu s ks  a re  an g u la r and p o o r ly -s o rte d .
A  fe w  pelecypods a r e  a r t ic u la te d .
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P la n e -bedded m o llu sk  l im e  g ra in s to n e .  
E ach bed fines  u p w a rd . A llo ch em s  a re  
1 w e ll-ro u n d e d . S o rtin g  is  good.
P o ss ib le  beach ro c k  lith o c la s ts  o ccu r  
a t the  base o f th is  u n it.
C o a rs e -g ra in e d  m o llu s k  lim e  g ra in s to n e  
th a t contains m any c ap rin id s  in  d ie  
to p . Festoon c ross -bedd ing  is  p ré v a la n t . 
E ach coset fin e s  u p w a rd . No ev idence  
th a t In te rv a l 3 l ith o c la s ts  w e re  re w o rk e d  
in to  th e  basal s e ts .
M o llu s k  pelo id  l im e  g ra in s to n e  to  packstone  
S im i la r  in  appearance to  In te rv a l 1 but 
th is  in te rv a l is  composed o f m u ch f in e r -  
gra in e d  a llo c h e m s .
L ith o c la s ts  of In te rv a l 4 ,  o y s te rs .
B urrow ed  m o llu sk  lim e  m udstone to  
w ackesto n e . A  few  f r i l le d  o y s te rs .




M is s in g
1 Iro n -s ta in e d  lim e  m udstone to  d o lo -
y m it ic  l im e  m udstone .
2  O y s te r re q u ie n iid  l im e  w ackestone.
B u rro w ed  fo r a m in ife r  and m o llu sk  
l im e  w ackes tone . A  fe w  oy s te rs  
a r e  p re s e n t.
Mis^-ing
S I .  io lo m it ic  m o llu s k  lim e  m udstone.
C a p rin id  pe lo id  l im e  packstone. R udists  
a r e  fra g m en ted  and b ro k en . M o s t a re  
re cu m b e n t. C o ra llin e  red  a lgae  and 
o y ste rs  a re  p re s e n t.
C a p rin id  l im e  boundstone. M o s t cap rin id s  
a re  in  grow th  p o s itio n . O ys te rs  and 
re q u ie n iid s  a re  p re s e n t but not com m on. 
C o ra llin e  a lg a e , p e lo id a l in te rn a l sed­
im e n t , and isopachous s p a r r y  c a lc ite  
( f ib ro u s ) f i l l  p r im a r y  r e e f  fra m e w o rk  
c a v itie s .
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Rippey *6 (continued)
Interval ' Description
M is s in g
M is s in g
R equ ien iid  o y s te r  l im e  w ackestoneB R
B urrow ed  m o llu sk  lim e  m udstone to  
w ackestone . O rb ito lin a  s p . p resen t.
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Rippey *8
Description
M ilio l id  pelo id  l im e  w ackes tone . 
S h a le y  in  the  upperm ost 4 0 -5 0  c m .
C a p rin id  l im e  boundstone. M o s t ru d is ts  
a re  in  g row th  p o s itio n . C o ra llin e  a lg a e , 
dasycladacean a lg a e , ech in o id s , o y s te rs , 
and re q u ie n iid s  a re  p re s e n t. La m in a te d  
p elo id  c ru s ts , m a ss ive  in te rn a l sed­
im e n ts , isopachous fib ro u s  s p a r r y  c a l­
c ite  o c cu r w ith in  p r im a r y  r e e f  f r a m e ­
w o rk  c a v itie s .





3 C a p rin id  m ilio l id  o y s te r  l im e  w acke­
stone to  packs tone . R udists  a re  re ­
cum bent.
M o llu s k  lim e  packstone.
5 B u rrow ed  pelecypod m ilio lid  l im e  mud­
stone to  w ac k es to n e .
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1 M il io l id  peleçypod lim e  w ackes tone .
P e le c /p o d s  a re  p re s e rv e d  as s te in -
H ig h ly  burrow ed  d o lo m itic  l im e  m ud­
stone to  w ackestone to  do lostone. 
Pelecypods and m ilio lid s  a re  c om m on.
M o llu s k  pe lo id  l im e  w ackestone th a t  
g rades dow nw ard in to  p o o rly -s o rte d  
c ap rin id  m o llu sk  lim e  p ackstone.
C a p rin id  l im e  boundstone. O v e r 50% o f  
the  cap rin id s  a re  in  g row th  p o s itio n . 
Dasycladacean and c o ra llin e  a lg ae  a re  
p re s e n t. T h in  in te rc a la tio n s  o f  m o llu s k  
l im e  packstone to  gra ins ton e  r e c u r  
throughout th is  p o rtio n  o f the c o re .
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Rippey #5 (continued)
Interval Description
M o llu s k  l im e  packstone th a t g ra d es  
dow nw ard in to  m o llu sk  pe lo id  l im e  
m udstone to  w ad<estone.
B u rro w e d  m o llu s k  pelo id  l im e  w a c k e -
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Rotge #7







D e s c rip tio n  
L am in a ted  to  no d u la r l im e  m udstone. 
In te r-n o d u le  a re a s  a re  f i l le d  w ith  
m ilio l id  l im e  w ackestone to  packstone. 
O rb ito lin a  s p . a re  com m on.
B u rro w e d  s lig h t ly  d o lo m itic  m o llu s k  
l im e  m udstone. Pelecypods a re  
com m on in  th e  basal p o rtio n .
M o llu s k  lim e  packstone to  g ra in s to n e . 
C a p rin id  and re q u ie n iid  fra g m e n ts , 
p o o r ly -s o rte d  and rounded, a re  com m on. 
Brow n isopachous fib ro u s  s p a r r y  ca l­
c ite  coats a llo c h e m s . In ve rs io n  te x ­
tu re s  a re  v e r y  com rhon.
C a p rin id  l im e  boundstone. P e lo id a l 
in te rn a l s ed im e n t and fib ro u s  s p a r ry  
c a lc ite  f i l l  p r im a r y  fra m e w o rk  c a v it ie s . 
O y s te r  and re q u ie n iid  fra g m en ts  a re  
m o s t com m on in  the  lo w e r 1 m e te r .
O y s te r , re q u ie n iid , cap rin id  l im e  
packs tone .____________
B u rro w e d  pe lo id  m ilio lid  l im e  w acke­
s to n e . S om e O rb ito lin a  a re  p re s e n t.







M is s in g
Q u artzo se  in tra c la s t ic  l im e  packstone  
to  g ra in s to n e . Q u a rtz  sand , in tra c la s ts , 
and s h a le  pebbles a re  most com m on in  
th e  upper 75 c m .
M is s in g
R equ ien iid  l im e  w ackes tone . O y s te rs , 
g a stropods, p e lo id s , m ill io l id s ,  and 
O rb ito lin a  a re  com m on . T h e  sequence  
is  p e rv a s iv e ly  b u rro w e d . T h in  
s tr in g e rs  o f m o llu sk  lim e  g ra in s to n e  to  
packstone in te rc a la te  the  w ackes tone .
B u rrow ed  do los tone . A  fe w  an g u la r  
m o llu s k  fra g m en ts  a re  p re s e n t.
M is s in g
S I ,  burrow ed  m o llu sk  pe lo id  l im e  m ud­
stone to  w ackes tone .








C a p rin id  l im e  w ackes tone . Recum bent 
cap rin id s  a r e  p re s e rv e d  as collapsed  
s te in k e rn s .
R equ ien iid  o y s te r  pe lo id  l im e  w ackes tone . 
B u rro w s  a r e  p re s e n t but s c a rc e .
M is s in g
B u rro w e d  m o llu sk  l im e  m udstone to  
w ackestone . G as tropod s, c la m s , and 
o y ste rs  a r e  p re s e n t.




M is sin g
M o llu s k  lim e  w ackestone to  m udstone  
th a t contains p re d o m in an tly  o y s te rs .
F e rru g in o u s  q u a rtzo s e  s h a le . Q u a rtz  
g ra in s  a re  m ed iu m  to  c oarse  s i l t ,  
an g u lar to  s u b -ro u n d e d .
R equien iid  l im e  w ackestone . B u rro w s  
p re se n t but s c a rc e ..
BR
M is s in g
F e rru g in o u s  q u a rtzo s e  shale  s im i la r  to  
in te rv a l 2 .
B urrow ed  m o llu s k  lim e  m udstone,




M is s in g
C a p rin id  l im e  w ackestone to  packstone. 
R ud is ts  a re  n o n -e re c t and p re se rve d  as  
le a c h e d , collapsed  s te in k e rn s .
M is s in g
B u rro w e d  m o llu sk  lim e  m udstone.
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A P P E N D IX  B  
T h in  S ec tio n  S ta in in g  
T h in  sec tio n s  used in  th is  s tudy  w e re  etched in  1 .5 %  H C l 
fo r  10 seconds to  c le a n  th e ir  s u r fa c e . T h e y  w e re  then im m e rs e d  in  a  
3 : 2  m ix tu re  o f A l iz a r in  Red S  : P o ta ss iu m  fe rro c y a n id e  fo r  2 0 -2 5  
seconds . F o llo w in g  a  r in s e  in  d is t ille d  w a te r  th e y  w e re  re - im m e r s e d  
in  a  0 .2 5 %  so lu tion  o f A R S  fo r  10 seconds . T h in  sec tions  w e re  o v en -  
d r ie d  and e x a m in e d .
Ir o n - f r e e  c a lc ite  was s ta ined  p a le  p ink  to  re d , w hereas  
i r o n - r ic h  c a lc ite  s ta ined  b lu e . T h e  d a rkn e s s  o f th e  b lue s ta in  im p a rte d  
to  c a lc ite  by po tassium  fe rro c y a n id e  v a r ie d  fro m  pa le  to  m ed ium  b lu e , 
depending no doubt on the  am ount o f iro n  p re s e n t o r  the  c ry s ta l o r ie n ­
ta tio n  . D o lo m ite  and q u a rtz  do not re a c t  to  th e  se  s ta in s .
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A P P E N D IX  C  
/V l^S S  B A L A N C E  C A L C U L A T IO N S  
In  o rd e r  to  d e te rm in e  i f  th e  am ount o f m agnesium  re q u ire d  
fo r  d o lo m itiza tio n  o f som e o f th e  l im e  w ackestones a t P ip e  C re e k  
could have been d e riv e d  lo c a lly  during  inco ngruen t d isso lu tion  o f 
m agnesian  c a lc ite s , th e  fo llo w in g  assum ptions w e re  m ade :
1 .  M il io l id  fo ra m in ife rs  contained an a ve rag e  o f 14 m ole%  M g C O g .
T h is  va lu e  is  g iven  by M il l im a n  (1974) fo r  m odern  m i lio l id s .  P o in t 
count da ta  shows th a t m ilio lid s  c o m p ris e  5 ,0 %  o f the  b a c k -re e f  lim e  
w ackestones ,
2 .  S u b m arin e  cem ents  w ith in  th e  r e e f  fa c ie s  contained an a ve rag e  o f 
15 m ole%  M g C O g . T h is  v a lu e  is  consis ten t w ith  the  a ve rag e  v a lu e  o f 
m odern  s u b m arin e  cem ents  com posed o f m agnesian  c a lc ite  (M il l im a n .
1974). Using point count d a ta  (see  te x t  T a b le  7 ) ,  I  hawe assum ed th a t  
a p p ro x im a te ly  30% o f th e  to ta l r e e f  m ass was s u b m a rin e  cem ent and 
in te rn a l sed im e n t th a t was o r ig in a lly  m agnesian  c a lc ite .
3 .  T h e  in te r s t it ia l  w a te r  buried  w ith  th e  s ed im e n t was n o rm a l m a rin e  
and contained a p p ro x im a te ly  1350 m g /1  m a g n es iu m .
4 .  T h e  a ve rag e  p o ro s ity  fo r  a ll  lith o fa c ie s  a t P ip e  C re e k  during  in it ia l  
b u r ia l w as 20% .
5 .  T h e  P ip e  C re e k  dolostones a re  com posed o f p ro to d o lo m ite  th a t  
averag es  45  m ole%  M g C O g .
6 .  Because X - r a y  da ta  d e r iv e d  fro m  the  in so lu b le  c la y -s iz e d  fra c t io n  
o f P ipe  C re e k  dolostones does not contain  a p p re c ia b le  am ounts o f  
p h y llo s ilic a te  m in e r a ls ,  c la y  m in e ra ls  did not con trib u te  any la rg e
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amount of magnesium.
Using the  a v a ila b le  outcrop  and c o re  d a ta , th e  vo lu m e o f 
each lith o fa c ie s  can be c a lc u la te d . T h e  re a d e r  is  re fe r r e d  to  te x t  
F ig u re  14 w hich shows the  a re a  covered  by each fa c ie s  c o n s id e red . 
B A C K -R E E F  L IM E  W A C K E S T O N E S  ;
A r e a  =  7 .5  x  10^m ^
T h ic k n e s s  = 5 .0 m
V o lu m e  (V ^ ) =  7 .5  x  lO ^m ^ (5 .0 m )  =  3 .8  x  10®m^
b -
A ssu m ing  20% po ro s ity ;
R E E F  B E D S  :
A r e a  =  3 .0  x 10® m ^
T h ic kn e ss  = 6 .0  m
V o lu m e  (V  ) =  3 .0  x  lO ^m ^ (6 .0 m )  =  1 .8  x  10®m® o r  1 .8  x  lO^^cm ®
A ssu m ing  20% po ro s ity ;
IN T E R S T IT IA L  W 4 T E R  :
T o ta l  sed im ent a re a  =  1 .0 5  x  10®m^
S ed im e n t th ickness =  15m
V o lu m e  (V^) =  1 .0 5  x  lO ^m ^ (1 5 m ) =  1 .6  x 10®m® 
A ssu m ing  20 % po ro s ity ;
V |  =  1 .6  X  lO'^^cm® (0 .2 0 )  =  3 .2  x  lo'^'^cm®
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D O L O S T O N E  :
T h ic kn e ss  =  1 .Om
V o lu m e  ( V j )  =  i  .0  x  10®m® o r  1 .0  x  10^ ^cm ^  
A ssu m ing  20% p o ro s ity ;
V j  =  1 .0  X 10 ‘’ ^cm® (0 .2 0 )  =  2 .0  x  1o‘’ ‘‘ cm®
T  o c a lc u la te  th e  n um ber o f m o le  p o te n tia lly  a v a ila b le  fo r  
d o lo m itiza tio n  :
B A C K -R E E F  L IM E  W A C K E S T O N E S ::
a .  Vppixio lids =  V  X % m ilio lid s
b . M il io l id s  w e re  14 m ole%  M g C O g , g ra m  a t .  w t .  M gC O g = 8 4 , 3 ,  
g ra m  a t .  w t .  CaCO g =  1 0 0 ,0 .
L e t  =  m o le  fra c t io n  o f M g
m ole%  M g C O a /g -a t ,  w t ,  MgCO.q
m ole%  M g C O g /g -a t . w t. M gC O g t  m ole%  C a C O g /g -a t ,  w t.
CaCOg
=  1 4 /8 4 .3 _________
1 4 /8 4 .3  +  8 6 ,0 /1 0 0 .0
=  0 ,1 6
c . ^  c a lc ite  = 2 . 7 2  g /cm ®
g ra m s  o f c a lc ite  =  '^ rn ilio lid s  “  1 .5  x  1 0 ^ ^ =  5 .5  x  10^°g
c a lc ite  2 .7 2  g /c m
m oles  o f c a lc ite  =  g ra m s  c a lc ite  =  5 .5  x  lO^^g
g -a t .  w t, c a lc ite  1 0 0 .0  g /m o le
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R E E F  B E D S  ;
a .  r e e f  v o lu m e (Vr%) =  1 o4 x  lO ^^crn^ =  4 .7  x  10^^g o f CaCOg  
p  a rag o n ite  2 .9 5  g /c m ^
b . R e e f is  30% m agnesian  c a lc ite  cem ent and in te rn a l sed im e n t  
4 .7  X 1 0 ‘ ‘ g (0 .3 0 )  =  1 .4  x  1 0 ' ^g o f m agnesian  c a lc ite .
c .  m o les  CaCO g =  1 .4  x  10^^g =  1 .4  x  10® m oles
1 0 0 ,0  g /m o le
=  1 5 /8 4 .3  = 0 . 1 7
1 5 /8 4 .3  +  8 5 /1 0 0 .0
e .  m o les  o f M g  =  1 .4  x  10® m o les  CaCO g (0 .1 7 )  =  2 .4  x  10®
IN T E R S T IT IA L  W A T E R  :
O ^ ^ c m ®  (
b . 1350 m g /1  o f m agnesium  in  sea  w a te r .
M agnesium  in  in te r s t it ia l  w a te r  =  1 .3 5  x  10® m g /1  (3 .2  x  10®1) =  
4 .2  X 10^^m g o r  4 ,2  x  10®g.
c .  M o le s  o f m agnesium  =  4 .2  x  10®g =  1 .7  x  10®
2 4 .3  g /m o le
D O L O M IT E  ;
a .  V j  ( 2 .0  X 10^^ cm®) x  A v e . % d o lo . in sed im ents  (0 .5 3 )  =
b .  =  1 .1  X 10^  ̂cm® = 3 .8  X 10^®g o f do lom ite
/O d o lo m ite  2 .8 5  g /c m ^
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nIO,
184.3 g/mole
e .  P ro to d o lo m ite  a t P ip e  C re e k  contains 4 6 .0  m ole%  M gC O g,
N /^ g =  4 6 /2 4 .3 ________ = 0 . 2 6
4 6 / 2 4 . 3 + 5 4 / 1 0 0 . 0
M o le s  o f m agnesium  =  1 .9  x  10® (0 .2 6 )  =  4 .9 4  x  10^
T h e  above data  is  in co rp o ra te d  in  te x t  T a b le  1 1 . T h e s e  da ta  
in d ica te s  th a t the  in te rs t it ia l  w a te r  th a t w as buried  w ith  the  s e d im e n ts , 
m agnesian  c a lc ite  su b m arin e  cem ents  and in te rn a l sed im ents  w ith in  the  
r e e f  fra m e w o rk , and m ilio lid  fo ra m in ife rs  in  b a c k -re e f sed im ents  
could have prov id ed  enough m agnesium  du rin g  e a r ly  b u r ia l d iag enesis  
to  acc o m p lis h  d o lo m itiz a t io n .
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V IT A
T im o th y  Joseph P e t ta , son o f Joseph and D o ro th y  P e tta  of 
C olorado  S p r in g s , C o lo ra d o , was born  on N o v e m b er 1 1 , 1944 in  
Neptune, N ew  J e r s e y . D u rin g  h is childhood he liv e d  in  seven  
s ta tes  and tw o  fo re ig n  c o u n tr ie s . F o llo w in g  g rad u atio n  fro m  W asson  
High Schoo l in  C o lo rad o  S p rin g s  he en lis te d  in  th e  United  S taes  N avy  
w h ere  he s e rv e d  in  th e  A t la n t ic  F le e t ,  P a c if ic  F le e t ,  and V ie t  N am  as 
a ra d a rm a n  and vo ic e  c o m m u n ic a to r. He attended th e  U n iv e rs ity  of 
S outhern  C o lo rad o  fro m  J an u a ry  1969 u n til M a y  1971 when he w as  
aw arded a  B . S .  d e g ree  in  geo logy. He then  attended W ic h ita  S ta te  
U n iv e rs ity  fr o m  August 1971 through M a y  1973 w h e re  h is  s tud ies  w e re  
supported by a  g raduate  teach ing  a ss is tan tsh ip  and a  re s e a rc h  fe llo w ­
s h ip . A f te r  re c e iv in g  h is  M . S .  de g ree  in  geo lo g y, he e n ro lle d  a t  
Lou is ia n a  S ta te  U n iv e rs ity  in  June 1973 w h e re  he re m a in e d  u n til 
A ugust 1 97 6 . H is  w o rk  w as supported by g ra d u ate  teach ing  a s s is ta n t-  
ships and a  P en n zo il S c h o la rs h ip .
He is  p re s e n tly  em ployed by the  S h e ll O il C om pany as an  
exp lo ra tio n  g eo log is t in  H ouston, T e x a s  w h ere  he re s id e s  w ith  h is  
w ife  S h e ila , fo r m e r ly  S h e ila  R ae H e rm a n  o f P u eb lo , C o lo ra d o .
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